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DETAILED ACTION 

New Fig. 3 has been entered. The amendment to the description of Fig. 3 has 
been entered. 

Election/Restrictions 

Applicant's election without traverse of Group II (claims 3-12, 14-34) in the paper 
filed 7-20-03 is acknowledged. 

Claims 1,2, 13 and 35-37 are withdrawn from further consideration pursuant to 
37 CFR 1.142(b) as being drawn to a nonelected invention, there being no allowable 
generic or linking claim. The requirement is made FINAL. 

Claims 3-12 and 14-34 are under consideration in the instant office action. 

Claim Rejections • 35 USC § 101 

35 U.S.C. 101 reads as follows: 

Whoever invents or discovers any new and useful process, machine, manufacture, or composition of 
matter, or any new and useful improvement thereof, may obtain a patent therefor, subject to the 
conditions and requirements of this title. 

Claims 3-12 and 14-34 are rejected under 35 U.S.C. 101 because the claimed 
invention is not supported by either a specific or substantial asserted utility or a well- 
established utility. 

Claims 6, 7 and 14-33 are directed toward a transgenic animal having a 
disruption of an A2D2 calcium channel subunit gene. Claims 1 0 and 34 are directed 
toward methods of using the mice to identify compounds. The specification teaches 
making A2D2 -/- mice. The specification lists numerous tests to run on the mice to 
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determine their phenotype (pg 21-27). The mice had perinatal lethality and abnormal 
behavior, posture, body shape, eyes, growth and immune system. Heterozygous mice 
were not tested (pg 53, lines 7-24; pg 54 and 55, Tables 1-3). The specification 
suggests using the mice as a model of genetic disease but does not disclose a specific 
disease in humans linked to a disruption in A2D2 (pg 18, pg 20, lines 8-12). 

The art at the time of filing taught "ducky mouse" had a disruption in A2D2 and a 
phenotype of "ataxic, wide-based gait and paroxysmal dyskinesia, small size and a 
failure to breed or survive beyond 35 days;" the art did not teach how to use such a 
mouse as a model of disease (Barclay, Aug. 15, 2001, J. Neurosci., Vol. 21, No. 16. pg 
6095-6104; pg 6095, col. 2, 2 nd U). Since the time of filing, Brodbeck (March 8, 2002, J. 
Biol. Chem., Vol. 277. No. 10, pg 7684-7693) taught mice having a disruption of the 
A2D2 gene are a model for "absence epilepsy," which is not taught or suggested in the 
instant application. 

The mouse claimed does not have a specific utility. The specification does not 
teach a disruption in A2D2 correlates to any specific disease in humans. For example, 
A2D2 has not been linked to dwarfism (claim 22) in humans. While claims 14-33 are 
directed toward mice having particular characteristics, the characteristics are not 
specific to any disease. For example, abnormal gait (claim 19) is not specific to any 
disease. Using the mice claimed to identify compounds is not specific to the mouse 
claimed because wild-type mice may be used to identify such compounds. Therefore, 
using the mouse claimed to identify compounds is not specific to that mouse, and the 
mouse claimed does not have a use that is specific to any disease in humans. 
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The mouse claimed does not have a substantial utility. The mice die shortly after 
birth (perinatally); the specification does not teach how to use a mouse that dies 
perinatally (claim 20). Such mice are not useful in testing compounds because a 
phenotype in the mouse would have to be observed over a significant period of time. 
The specification does not teach how to use a mouse that has abnormal organ weight 
(claims 24-27), posture (claim 29-30), small eyes (claim 32) or squinting eyes (claim 
33). Claims 10-11, step c) require administering compounds to the mice and 
determining whether A2D2 gene expression is modulated. Compounds that modulate 
A2D2 expression cannot be found using the mice because A2D2 is not expressed in the 
mice. Claim 34 requires administering compounds to the mice and determining whether 
a particular phenotype is ameliorated. The specification states the mouse may be used 
to test compounds relating to behavioral phenotypes (pg 20, line 8-12). Compounds 
that modulate behavioral phenotypes in the mice described in the specification are not 
useful because no behavioral phenotypes are linked with A2D2 in humans. No human 
genetic diseases, such as neurological, neuropsychological or psychotic illnesses (pg 
20, line 12), are linked to the A2D2 gene. The specification does not identify any 
compounds that alter behavioral phenotypes using the mice. Therefore, using the 
mouse to identify compounds is not substantial. 

Claim 9 is included because it is directed toward making the mouse, which lacks 
utility for reasons above. Claims 3-5, 8 and 15, directed toward cells having a disrupted 
A2D2 gene, and claims 11-12, directed toward using the cells to test compounds, are 
included because the cells lack a specific and substantial utility for the reasons above. 
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Claim Rejections - 35 USC §112 

The following is a quotation of the first paragraph of 35 U.S.C. 112: 

The specification shall contain a written description of the invention, and of the 
manner and process of making and using it, in such full, clear, concise, and exact 
terms as to enable any person skilled in the art to which it pertains, or with which 
it is most nearly connected, to make and use the same and shall set forth the 
best mode contemplated by the inventor of carrying out his invention. 

Claims 3-12 and 14-34 are also rejected under 35 U.S.C. 112, first paragraph. 
Specifically, since the claimed invention is not supported by either a specific or 
substantial asserted utility or a well established utility for the reasons set forth above, 
one skilled in the art clearly would not know how to use the claimed invention. 

In addition, the specification does not reasonably provide enablement for any 
animal, A2D2 gene, phenotype, cell, disruption, method of making a transgenic or 
method of using a transgenic as broadly claimed. 

Claims 6, 7 and 14-33 are directed toward a transgenic animal having a 
disruption of an A2D2 calcium channel subunit gene. Claims 10 and 34 are directed 
toward methods of using the mice to identify compounds. The specification teaches 
making A2D2 -/- mice. The specification lists numerous tests to run on the mice to 
determine their phenotype (pg 21-27). The mice had perinatal lethality and abnormal 
behavior, posture, body shape, eyes, growth and immune system. Heterozygous mice 
were not tested (pg 53, lines 7-24; pg 54 and 55, Tables 1-3). The specification 
suggests using the mice as a model of genetic disease but does not disclose a specific 
disease in humans linked to a disruption in A2D2 (pg 18, pg 20, lines 8-12). 



Application/Control Number: 10/005,168 Page 6 

Art Unit: 1632 

The specification does not enable making or using a transgenic with a wild-type 
phenotype as encompassed by the claims. The transgenics throughout many of the 
claims do not recite any phenotype and may, therefore, have any phenotype including 
wild-type phenotype. The specification does not provide any use for a transgenic 
having a disruption in A2D2 that has a wild-type phenotype. The only disclosed 
phenotype for the transgenic claimed is one that correlates to a mutation in A2D2. 
Therefore, the claims should recite a non-wild-type phenotype that correlates to a 
disruption in A2D2. 

The specification does not teach how to make animals or cells having a 
disruption in an A2D2 gene other than mice (claims 3-8). Specifically, claims 4-5 
encompass mice and rat cells. "Murine" encompasses mice and rats ( http://www.m- 
w.com/cqi-bin/dictionar v?book=Dictionarv&va=murine V The only means of making a 
cell with a disruption in A2D2 taught in the specification is by using mouse embryonic 
stem cell technology. The state of the art at the time of filing was such that embryonic 
stem (ES) cell technology had only been successful in mice. Wagner (May 1995, Clin, 
and Experimental Hypertension, Vol. 17, pages 593-605) and Mullins (1996, J. Clin. 
Invest., Vol. 98, pages S37-S40) taught germline transmission of ES cells has not been 
demonstrated in species other than mice and the growth of ES cells from species other 
than mice is unreliable. Wall (1996, Theriogenology, Vol. 45, pg 57-68) taught 
transgene expression and the physiological result of such expression in livestock was 
not always accurately predicted in transgenic mice (page 62, line 7). The specification 
fails to provide sufficient guidance to make transgenics other than mice by teaching 



Application/Control Number: 10/005,168 Page 7 

Art Unit: 1632 

obtaining ES cells in species other than mice. The specification does not teach the 
nucleic acid sequence of the A2D2 gene in non-mice, non-human species or correlate 
the A2D2 gene in mice to the A2D2 gene in other species. The specification does not 
teach how to make knockout animals other than mice or correlate making knockout 
mice to other species. Therefore, the specification does not provide adequate guidance 
for one of skill in the art to make a transgenic, non-human animal or cells having a 
disruption in A2D2 in any species other than mice. 

The specification does not provide adequate correlation between the phenotype 
obtained in mice to the phenotype obtained in other species. The state of the art at the 
time of filing was that the phenotype of transgenic mice does not predict the phenotype 
in non-mice species. Models of human diseases have relied on transgenic rats when 
the development of transgenic mice having the desired phenotype was not feasible. 
Mullins (1990, Nature, Vol. 344, pg 541-544) produced outbred Sprague-Dawley x WKY 
rats with hypertension caused by expression of a mouse Ren-2 renin transgene. 
Hammer (1990, Cell, Vol. 63, pg 1099-1112) describes spontaneous inflammatory 
disease in inbred Fischer and Lewis rats expressing human class I major 
histocompatibility allele HLA-B27 and human b 2 -microglobulin transgenes. Both 
investigations were preceded by the failure to develop human disease-like symptoms in 
transgenic mice (Mullins, 1989, EMBO, Vol. 8, pg 4065-4072; Taurog, 1988, J. 
Immunol., Vol. 141 , pg 4020-4023) expressing the same transgenes that successfully 
caused the desired symptoms in transgenic rats. Therefore, the specification does not 
enable making transgenic having the disclosed phenotypes in species other than mice. 
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Claim 9 is directed toward a method of making a transgenic mouse 
having a disruption in A2D2 using a cell having a construct with two 
sequences of A2D2, introducing the cell into a blastocyst, implanting the 
blastocyst into a pseudopregnant mouse which gives birth to chimeric mice, 
and breeding the chimeric mouse to produce the transgenic mouse. The 
claim does not require using mouse cells or an embryonic stem cell, which is 
considered essential to the invention. A mouse ES cell is the only type of cell 
taught in the specification that can be introduced into a blastocyst and result 
in a chimeric mouse as claimed. The claim does not require the mouse have 
a non-wild type phenotype, which is required for reasons cited above. Given 
the unpredictability in the art taken with the guidance provided in the 
specification, the cell in a) should be a mouse ES cell, the blastocyst in b) 
should be a mouse blastocyst, and the transgenic mouse produced should 
have a genome comprising a homozygous disruption in A2D2, wherein said 
mouse lacks functional A2D2 and has a disclosed phenotype. 

Claims 10-12 and 34 are directed toward methods of screening 
compounds using a cell or mouse having a disruption in an A2D2 gene. Step 
(c) requires determining whether the expression or function of A2D2 is 
modulated but the mice and cells do not express A2D2. The specification 
does not teach how to determine A2D2 expression in mice having a 
disruption in A2D2. While the specification teaches transgenics having 
particular characteristics, the specification does not teach how to use mice 
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having such characteristics in an assay to determine whether a compound 
modulates A2D2; the compound may modulate some other protein. Without 
such a disclosure, the specification does not provide adequate guidance for 
one of skill to use the mouse disclosed to determine compounds that 
modulate A2D2 expression or function. 

The following is a quotation of the second paragraph of 35 U.S.C. 112: 

The specification shall conclude with one or more claims particularly pointing out and distinctly 
claiming the subject matter which the applicant regards as his invention. 

Claim 12 and 14-34 are rejected under 35 U.S.C. 112, second paragraph, as 
being indefinite for failing to particularly point out and distinctly claim the subject matter 
which applicant regards as the invention. 

The metes and bounds of what applicants consider "significant" 
expression cannot be determined making claim 14 unclear. 

The metes and bounds of what applicants consider "abnormal" cannot 
be determined because the term has various meanings to those of skill in the 
art and because the term is not defined in the specification. Therefore, claims 
16-34 are indefinite. 

The term "derived" in claims 12 and 15 is indefinite. It cannot be 
determined if the claim is limited to cells having a disruption in A2D2 isolated 
from the transgenics or if the claim encompasses cells isolated from the 
mouse then made to have the disruption. 
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Claim Rejections - 35 USC § 102 

The following is a quotation of the appropriate paragraphs of 35 U.S.C. 102 that 
form the basis for the rejections under this section made in this Office action: 
A person shall be entitled to a patent unless - 

(b) the invention was patented or described in a printed publication in this or a 
foreign country or in public use or on sale in this country, more than one year 
prior to the date of application for patent in the United States. 

Claims 3, 4, 6-8 and 14-33 are rejected under 35 U.S.C. 102(b) as being 
anticipated by Snell (1955, J. Hered. Vol. 46, pg 27-29) as supported by Barclay (1998, 
J. Clin. Invest., Vol. 101, pg 689-695). 

Snell taught the ducky mouse mutant. Barclay taught the ducky 
mouse mutant had a disruption in an A2D2 gene and had an "ataxic, wide- 
based gait and paroxysmal dyskinesia, small size and a failure to breed or 
survive beyond 35 days" (pg 6095, col. 2, 2 nd U). 

Conclusion 

No claim is allowed. 

Inquiry concerning this communication or earlier communications from the 
examiner should be directed to Michael C. Wilson who can normally be reached on 
Monday through Friday from 9:00 am to 5:30 pm at (703) 305-0120. 

Questions of formal matters can be directed to the patent analyst, Dianiece 
Jacobs, who can normally be reached on Monday through Friday from 9:00 am to 5:30 
pm at (703) 305-3388. 

Questions of a general nature relating to the status of this application should be 
directed to the Group receptionist whose telephone number is (703) 308-1235. 

If attempts to reach the examiner, patent analyst or Group receptionist are 
unsuccessful, the examiner's supervisor, Deborah Reynolds, can be reached on (703) 
305-4051 . 

The official fax number for this Group is (703) 308-4242. 

i 

Michael C. Wilson 
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Ducky Mouse Phenotype of Epilepsy and Ataxia Is Associated with 
Mutations in the Cacna2d2 Gene and Decreased Calcium Channel 
Current in Cerebellar Purkinje Cells 

Jane Barclay, 1 Nuria Balaguero, 2 Marina Mione, 3 Susan L. Ackerman, 4 Verity A. Letts, 4 Jens Brodbeck, 2 
Carles Canti, 2 Alon Meir, 2 Karen M. Page, 2 Kenro Kusumi, 5 Edward Perez-Reyes, 6 Eric S. Lander, 5 
Wayne N. Frankel, 4 R. Mark Gardiner, 1 Annette C. Dolphin, 2 and Michele Rees 1 

1 Department of Paediatrics and Chiid Health, Royal Free and University College Medical School, The Rayne Institute, 
London, WC1E6JJ, United Kingdom, Departments of 2 Pharmacology and 3 Anatomy and Developmental Biology, 
University College London, London, WC1E6BT, United Kingdom, ^The Jackson Laboratory, Bar Harbor, Maine 04609, 
^Whitehead Institute for Biomedical Research, Cambridge, Massachusetts 02142, and ^Department of Pharmacology, 
University of Virginia Health System, Charlottesville, Virginia 22908-0735 



The mouse mutant ducky, a model for absence epilepsy, is 
characterized by spike-wave seizures and ataxia. The ducky 
gene was mapped previously to distal mouse chromosome 9. 
High-resolution genetic and physical mapping has resulted in 
the identification of the Cacna2d2 gene encoding the <*2S2 
voltage-dependent calcium channel subunit. Mutations in 
Cacna2d2 were found to underlie the ducky phenotype in the 
original ducky (du) strain and in a newly identified strain [du 2J ). 
Both mutations are predicted to result in loss of the full-length 
«2S2 protein. Functional analysis shows that the «252 subunit 
increases the maximum conductance of the «1A//34 channel 
combination when coexpressed in vitro in Xenopus oocytes. 



Five spontaneous autosomal recessive mouse mutations impart 
a phenotype that includes epileptic seizures with features 
similar to those occurring in human idiopathic generalized 
epilepsy (IGE) (Puranam and McNamara, 1999). Tottering 
(Cacnala* 8 , Cacnala*- 1 "), slow-wave epilepsy (Slc9al xw % le- 
thargic (Cacnb4 lh \ stargazer (Cacng?' 8 , CacngT t8 - wa % and 
ducky (du) exhibit bilaterally synchronous spike-wave dis- 
charges (SWDs) on cortical electroencephalogram (EEG) re- 
cordings. These are accompanied by behavioral arrest and re- 
spond to the human anti-absence drug ethosuximide (NoebeLs et 
aL, 1997). The electrophysiological hallmark of human absence 
epilepsy is 3 Hz SWDs. In mice, the frequency is usually 5-7 Hz 
(Noebels, 1991), except for those in Slc9al swe (1-3 Hz) (Cox et 
aL, 1997). Mutations in genes encoding voltage-dependent cal- 
cium channel (VDCC) sub-units underlie three of these pheno- 
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The Ca 2+ channel current in acutely dissociated du/du cere- 
bellar Purkinje cells was reduced, with no change in single- 
channel conductance. In contrast, no effect on Ca 2+ channel 
current was seen in cerebellar granule cells, results consistent 
with the high level of expression of the Cacna2d2 gene in 
Purkinje, but not granule, neurons. Our observations document 
the first mammalian a28 mutation and complete the association 
of each of the major classes of voltage-dependent Ca 2+ chan- 
nel subunits with a phenotype of ataxia and epilepsy in the 
mouse. 

Key words: epilepsy; ataxia; calcium channel; subunit; Pur- 
kinje cell; cerebellum; mouse mutant 



types: the genes encoding the alA (Cacnala), ]S4 (Cacnb4), and 
y2 (Cacng2) subunits are mutated in tottering (Fletcher et aL, 
1996), lethargic (Burgess et aL, 1997), and stargazer (Letts et aL, 
1998) mice, respectively. 

Voltage-dependent Ca 2+ currents have been measured in all 
excitable cells and are implicated in many cellular processes 
(Berridge et aL, 1998). They have been divided on the basis of 
kinetics and pharmacology into L-, N-, P/Q-, R-, and T-types 
(Catterall, 1998). Each VDCC is composed of a pore-forming al 
subunit that may be associated with an intracellular /3, a 
membrane-spanning y, and a membrane-anchored, but predom- 
inantly extracellular, a28 subunit. The al subunit determines the 
main biophysical properties of the channel and is modulated by 
the other subunits (Walker and De Waard, 1998). Mammalian 
genes encoding 10 al, four jB, eight y, and three a28 subunits have 
been identified (for a comprehensive list, see Ertel et al., 2000; 
Burgess et al. 2001). 

Homozygotes for the ducky (du) allele are characterized by an 
ataxic, wide-based gait and paroxysmal dyskinesia (Snell, 1955). 
They display reduced size and a failure to breed or survive beyond 
35 d. Neuropathological studies revealed dysgenesis of selective 
regions of the CNS, including the cerebellum, medulla, and spinal 
cord (Meier, 1968). Axonal dystrophy and demyelination were also 
reported. Heterozygotes show no obvious phenotype. The du locus 
was localized to mouse chromosome 9 by linkage to the phenotypic 
markers dilute and short ear (Snell, 1955). 

To identify and characterize the du locus, a positional cloning 
strategy was adopted. High-resolution genetic mapping identified 
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the gene encoding the VDCC albl subunit as a positional and 
functional candidate. Mutations in this gene were identified in the 
original du strain and in a new allele, du 21 . This paper presents 
evidence that the gene underlying the ducky phenotype encodes 
the a282 subunit and explores the effect of a mutation on Ca 2+ 
channel function in du/du brain. 

MATERIALS AND METHODS 

Genetic and physical mapping 

Mice were obtained from The Jackson Laboratory (Bar Harbor, ME). 
DNA was prepared from tail biopsies or liver samples by standard 
methods. Microsatellite markers were amplified as described previously 
(Dietrich et al., 1996). Recombinants were identified by agarose gel 
electrophoresis or PAGE or single-strand conformation polymorphism 
(MDB1432) analysis. Yeast artificial chromosome (YAC) clones were 
identified by PCR-based library screens (Haldi et al., 1996) or from a 
web-based database of clones (Nusbaum et al, 1999). Genomic clones 
were obtained from the Human Genome Mapping Project Resource 
Centre (Cambridge, UK). 

Candidate gene analysis 

Total RNA was prepared from frozen tissue using RNAzol B (Biogen- 
esis, Sandown, NH) and used to prepare mRNA or cDNA using mRNA 
purification or First Strand cDNA synthesis kits (Amersham Pharmacia 
Biotech, Little Chalfont, UK). Northern blot analysis of 10 jxg of cere- 
bellar mRNA using Duralon UV nylon membrane and full-length 
Cacna2d2 or human j3 actin as probes (Stratagene, La Jolla, CA) was 
performed using the suggested conditions of the manufacturer to opti- 
mize the identification of the wild-type 5.5 kb Cacna2d2 transcript. This 
may have resulted in underestimation of the quantity of smaller tran- 
scripts (<2 kb). The full-length Cacna2d2 cDNA was assembled using 
degenerate primers, reverse transcription (RT)-PCR, rapid amplification 
of cDNA ends (RACE), and sequencing. All primer sequences are 
available on request. RACE was performed using the 573' RACE kit 
(Roche Diagnostics, Hertfordshire, UK). Sequencing was performed on 
an AB1 373XL sequencer using TaqFS chemistry (PE Applied Biosys- 
tems, Foster City, CA). Genomic DNA was embedded in agarose and 
subjected to pulsed field gel electrophoresis (PFGE) on a Bio-Rad 
(Hercules, CA) clamped homogeneous electrical field electrophoresis 
system. 

Electrode implantation and EEG measurements 
Homozygous du 2 ' and control unaffected mice (8-12 weeks of age) were 
tested for spontaneous seizure activity. Mice were anesthetized with 
tribromoethanol (400 mg/kg, i.p.) and placed in a stereotaxic holder 
fitted with a mouse incisor bar. Burr holes were drilled (1 mm posterior 
to bregma, 1 mm lateral to midline) on both sides of the skull. Two 
Teflon-coated bipolar electrodes were implanted at 0.4-0.8 mm below 
the dura. Three screws were placed at the periphery of the skull to 
anchor the dental cap. Mice were allowed to recover for 2 d before EEG 
recordings were measured. The parameters for determining spike-wave 
discharges were described previously (Hosford et al., 1995). 

In situ hybridization and immunohistochemical analyses 
Mice [aged postnatal day 21 (P21) to P24] were terminally anesthetized 
by C0 2 inhalation and perfused with 4% paraformaldehyde. The brain 
was dissected into cold paraformaldehyde and then transferred through 
a sucrose gradient before embedding in OCT (Agar) and sectioning. 
Alternatively, the brain was removed without fixing and frozen in liquid 
nitrogen. Cryostat sections (10-15 /im) were cut and air dried onto 
positively charged slides (BDH Laboratory Supplies, Poole, UK). 

cDNA fragments corresponding to a282 [nucleotide (nt) 3705-4909], 
a251 (nt 3521-3895), and «2S3 (nt 2581-3602) were subcloned into 
pBIuescript SK+ . Sense and antisense RNA probes were prepared using 
T3 or T7 polymerase and digoxigenin (DIG) RNA labeling mix and 
purified using Quick spin columns (Roche Diagnostics). In situ hybrid- 
ization was performed as described previously (Eisenstat et al., 1999). 

Immunohistochemistry was performed on perfused tissue and isolated 
cells with a polyclonal calbindin D28K antibody (Chemicon, Harrow, 
UK) and on perfused tissue alone with a polyclonal calretinin antibody 
(Chemicon). 
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Heterologous expression ofcDNAs 

cDNAs encoding rabbit «1A (X57689), rat 04 (L02315), and mouse 
a2S2 (predominant brain splice variant that lacks exon 23 and 6 bp of 
exon 38, as described by Barclay and Rees, 2000) cDNAs, cloned into the 
pMT2 vector, were injected intranuclearly into Xenopus oocytes as de- 
scribed previously (Canti et al., 1999), except that 4 nl of cDNA mixture 
was injected at 1 /Ag/jul Recordings were made using two-electrode 
voltage clamp as described previously (Canti et al., 1999). 

Purkinje cell and granule cell preparation and I Ba measurement 
Purkinje neurons. Cells were dissociated from P4-P8 mice (Mintz et al., 
1992) and plated onto concanavalin-A (2 /xg/ml)-coated coverslips. 
Whole-cell / Ba was recorded 1-4 hr later with 5 mM Ba 2+ as described 
previously (Mintz et al., 1992). Purkinje cell (PC) identity was confirmed 
by positive calbindin immunostaining (n > 70). 

Cerebellar granule celh. Granule cells (GCs) were isolated and cultured 
from P6-P8 mice, and whole-cell / Bil was recorded as described previ- 
ously using 10 mM Ba 2+ (Pearson et al., 1995), except that the internal 
pipette solution contained (in mM): 100 HEPES, 30 EGTA, 0.57 CaCl 2 , 
2.25 MgCl 2 , 3.68 ATP, and 0.1 GTP (Tris salt), pH 7.2 (320 mOsm). 

Cells were used for analysis when the holding current at the holding 
potential was <20 pA for GCs and <50 pA for PCs. The holding current 
did not differ between genotypes. Leak current was subtracted using P/8 
protocol. Individual I-V relationships were fitted with the modified 
Boltzmann equation / = C max * (V - K rcv )/(1 + exp[ - (V - ^ 50 )/A:]), 
where <7 nuix is the maximum conductance, V rcv is the reversal potential, 
k is the slope factor, and V 50 is the voltage for 50% current activation. 

Single-channel recording 

All recordings were performed as described by Meir et al. (2000). 
Experiments were performed on cell-attached patches from PCs at room 
temperature (20-22 9 C). Recording pipettes were pulled from borosili- 
cate tubes (World Precision Instruments, Sarasota, FL), coated with 
Sylgard (Sylgard 184; Dow Corning, Wiesbaden, Germany), and fire 
polished to form high-resistance pipettes (-10 MO with 100 mM BaCl 2 ). 
The bath solution was composed of (in mM): 135 K-aspartate, 1 MgCl 2 , 
5 EGTA, and 10 HEPES (titrated with KOH, pH 7.3). The patch 
pipettes were filled with a solution of the following composition (in mM): 
100 BaCl 2 , 10 tetraethylammonium (TEA)-Cl, 10 HEPES, and 200 nM 
TTX, titrated with TEA-OH to pH 7.4. Both solutions were adjusted to 
an osmolarity of 320 mOsm with sucrose. Data were sampled (Axopatch 
200B and Digidata 1200 interface; Axon Instruments, Foster City, CA), 
at 5 kHz and filtered on-line at 1 kHz. Voltages were not corrected for 
liquid junction potential (Neher, 1995) measured to be -15 mV in these 
solutions. 

Leak subtraction was performed by averaging segments of traces with 
no activity from the same voltage protocol in the same experiment and 
subtracting this average from each episode using pCIamp6 (Axon Instru- 
ments). Event detection was performed using the half-amplitude thresh- 
old method. Single-channel amplitude was determined by either a Gauss- 
ian fit to the binned amplitude distributions or the mean amplitude in 
two experiments at +10 mV when there was a small number of events. 

All results are presented as mean ± SEM, and statistical differences 
were determined by the Student's t test. 

GenBank accession numbers 

DNA and protein sequences described here have been deposited in 
GenBank under the following accession numbers: wild-type Cacna2d2, 
AF247139; du mutant transcript 1, AF247140; du mutant transcript 2, 
AF247141; and du* mutant transcript, AF247142. 



RESULTS 

Genetic and physical mapping of the du locus 

Two genetic crosses were used to refine the location of du (Fig. 
la). Progeny representing 1460 meioses (564 backcross progeny 
and 448 intercross progeny) were typed with microsatellite mark- 
ers 53.6 -63.4 centimorgans (cM) from the centromere on mouse 
chromosome 9 (Dietrich et al., 1996). This region was assembled 
in overlapping yeast artificial chromosome (YAC) clones (Fig. 
16). Sequence tagged sites (STSs) to Dagl and Lamb! (Skynner 
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Figure L Genetic and physical maps 
define the du critical region, a, Genetic 
map around the du locus. The relation 
of the du gene to markers is shown to 
scale on partial chromosome linkage 
maps. Eight hundred ninety-six meio- 
ses of the (TKDU-+/</w X STOCK 
DU3 l,u + Tyf ■*"!+ p Tyf ch ) Fl inter- 
cross place du between D9Mit51 and 
D9MU20 (2.9 ± 0.1 cM). Five hundred 
sixty-four meioses from an intersubspe- 
cific backcross [(TKDU-+/J« X CAST/ 
Ei) X TKDV-+/du] show that D9MU78 
and MDB1432 flank du, placing it in a 
0.8 ± 0.3 cM interval D9Mit prefixes 
have been removed from the markers for 
clarity. Underlined markers were typed in 
both crosses, b, Physical map of the du 
region. Markers ordered genetically are 
shown above the horizontal line, and 
those ordered on the physical map only 
are placed below. The region around du 
is indicated by a filled bar. A contig of 
YACs was assembled as illustrated. Li- 
brary identification is prefixed with y. 
Four PAC clones are indicated and pre- 
fixed with p. Marker content in genomic 
clones is indicated by filled circles aligned 
with markers on the physical map. Gene 
symbols are as follows: Sema3B, 
semaphorin3B; Dagl, dystroglycanl; 
Lambl, laminin&2. 



et al., 1995) localized both genes distal to the du critical region 
(Fig. lb). The human orthologs of these genes map to chromo- 
some 3p21 (Skynner et al, 1995). The STS sequences D31943, 
M13963, and X85990 demonstrated significant similarities with 
C1SH (Uchida et al., 1997), GNAT1 (Blatt et al., 1988), and 
SEMA3B (Sekido et al., 1996), respectively. These genes map to 
human 3p21.3, indicating that the du gene is in a region of 
conserved linkage with this region. 

Cacna2d2 is a candidate gene for the du locus 

Cacna2d2 was identified as a candidate gene for du as a direct 
result of the conservation of linkage of human chromosome 



3p21.3 with this region of mouse chromosome 9. Human chro- 
mosome 3p21.3 is frequently deleted in small cell lung carcinoma 
and has been the target of positional cloning efforts. One tran- 
script (human gene CACNA2D2; GenBank accession number 
AF042792) isolated from this region showed 55.6% homology 
with the a261 VDCC subunit gene (Klugbauer et al, 1999; Gao 
et al., 2000). Two mouse expressed sequence tags (GenBank 
accession numbers AA000341 and AA008996) with 91 and 82% 
nucleotide identity to CACNA2D2 were identified by Basic Local 
Alignment Search Tool analysis. This mouse sequence (gene 
Cacna2d2) was used to design a genomic PCR assay to test YACs 
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Figure 2. Cacna2d2 is predominantly expressed in brain in a pattern 
distinct from Cacna2dl but similar to Cacna2d3. a, Expression of 
Cacna2d2, Cacnaldl, and Cacna2d3 by RT-PCR of P28 +/+ mouse tissue 
RNA. 0-Actin primers were used to allow comparisons of transcript 
levels. Negative control was no RNA. I, Cacna2d2-12F/14R; ii, Cacna2dl- 
1F/1R; ffi, Cacna2d3-1F/IR; iv, j3-actin. b, In situ hybridization analyses of 
whole-brain sections (P21 +/+) with a DIG-labeled antisense Cacna2d2 
RNA probe (nt 3705- 4909). r, Sagittal section demonstrates the highest 
level of expression in cerebellum (cb), with some expression also in 
medulla (m), pons (p), and striatum (st). ii, The horizontal section shows 
expression in cortex (cx), nucleus reticularis thalami (nrt), habenula (ha), 
and hippocampus (h). c, Detailed examination of some of these areas by 
in situ hybridization with the same probe as above. Moderate expression 
is seen in medulla (i), and higher levels were seen in a subpopulation of 
cells of the striatum (ii) and cerebral cortex in a large proportion of 
cortical neurons throughout all layers (Hi). Uniform expression is seen 
in nRT (iv), habenula ( v), and hippocampus (vi). Scale bar: Ci-Ciii, 100 
fx m; Civ, Cv, 50 /im. 



from the du contig. Three positive clones (y203E7, y257D12, and 
y465Fl) placed Cacna2d2 between D17914 and Ml 3963, within 
the candidate interval (Fig. lb). STS content mapping of four 
overlapping Cac/2a2</2-positive Pl-artificial chromosomes (PACs) 
orientated the gene as 5' to 3' in a proximal to distal direction 
(Fig. lb). An intragenic (CA)n repeat («2S2-43.21) was nonre- 
combinant with du in the backcross. Therefore, Cacna2d2 was a 
good positional and functional candidate for du. 

The 5.5 kb Cacna2d2 cDNA (GenBank accession number 
AF247139) shared 91% nucleotide identity with CACNA2D2. 
The genomic structure of the Cacnaldl gene has been deter- 
mined (see Fig. 3d) (Barclay and Rees, 2000). Overall, mouse 
«252 shares 95% identity and 96.5% similarity with the human 
protein. 



Cacna2d2 is predominantly expressed in mouse brain 
in a restricted pattern 

The predominant Cacna2d2 transcript is in brain, with lower 
levels in kidney and testis (Fig. 2ai), a pattern distinct from 
Cacna2dl (Fig. 2aii) but similar to Cacna2d3 (Fig. 2aiii). By 
RT-PCR, no Cacnaldl expression was detected in lung at any age 
studied (1, 2, 6, and 20 months), a result confirmed using two 
additional sets of PGR primers (data not shown). Detailed 
Cacnald2 brain expression was studied by in situ hybridization. A 
Cacnaldl antisense RNA probe (exons 38-39) was hybridized to 
sections of P21 +/+ mouse brain. Analysis of whole-brain sagittal 
sections (Fig. 2bi) revealed the highest level of expression to be in 
the cerebellum, with moderate levels in medulla, pons, and stri- 
atum. Analysis of horizontal sections (Fig. 2bii) also shows ex- 
pression in cortex, hippocampus, habenula, and nucleus reticu- 
laris thalami (nRT). Figure 2c shows higher-resolution images of 
medulla (/), striatum (ii), cerebral cortex (hi), nRT (iv), habenula 
(v), and hippocampus (vi). No signal was detected with a control 
sense probe (data not shown). Cerebellar expression is investi- 
gated further in Figure 5, demonstrating that the gene is highly 
expressed in PCs with only very low levels in the granule cell layer 
(GCL) (see Fig. 5e). 

Cacna2d2 is mutated in du/du mice 

No full-length Cacna2dl transcript was detected by RT-PCR in 
du/du mice. A failure of amplification between exon 1 and 4-39 
implied disruption of the gene (Fig. 3ai, top and middle panels). 
Additional analysis identified two distinct mutant transcripts. 3' 
RACE of Cacnaldl RNA in du/du identified a chimeric tran- 
script (mutant transcript 1) composed of exons 1, 2, and 3 spliced 
to a novel sequence (X). RT-PCR using primers for Cacnaldl 
exon 1 and region X gave a da-specific product (Fig. 3a/, bottom 
panel). Mutant transcript 1 encodes the first 414 nucleotides of 
Cacnaldl, followed by 24 novel nucleotides and a stop codon. 
Amplification between exons 1 and 3 (Fig. 3ai, top panel) reveals 
a low level of mutant transcript 1 in du/du mice. A low level of 
mutant transcript 2 (exons 2-39) is also detected by RT-PCR in 
du/du brain (Fig. 3au), Wild-type Cacnaldl (5.5 kb) and these 
mutant transcripts sized -1.5 and 5 kb can be detected by North- 
ern analysis of +/+ and du/du cerebellar mRNA, respectively 
(Fig. 3b). 

The presence by RT-PCR of the two mutant transcripts in 
du/du mice suggested a duplication of exons 2 and 3, although 
additional bands were not detected by standard agarose gel elec- 
trophoresis and Southern blotting (data not shown). In contrast, 
PFGE and Southern blotting revealed a large genomic rearrange- 
ment (Fig. 3c). Exons 1 and 4-39 are present once per + and du 
chromosome. This is demonstrated by the presence of single 190 
kb NotI hybridizing fragments with the probe corresponding to 
these exons (Fig. 3ci f ciii) in both genotypes. Exons 2-3 and region 
X are present once per + chromosome and twice per du chro- 
mosome, as indicated by the single (190 kb) and double (190 and 
600 kb) Notl fragments (Fig. 3ai), respectively. This supports a 
genomic duplication of exons 2-3 and region X. The large size 
(>150 kb) of this duplication precludes its identification by con- 
ventional PCR and sequencing or Southern blotting because 
internal primer sites and restriction sites have been duplicated 
without disruption, preventing any distinction between original 
and duplicated exons. The wild-type position of region X as 3' to 
the Cacnaldl gene was confirmed by PCR amplification of the 
PAC clones (Fig. 16). In genomic DNA, the copy of region X 
common to +/+ and du/du contains two B2 repeat elements, and 
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Figure 3. The du mutation is a genomic 
rearrangement involving the Cacna2d2 
gene, a, Two mutant transcripts can be 
identified by RT-PCR of total brain RNA 
from du/du mice. Two +/+ > two dufdu 
samples, and a negative control (no RNA) 
are shown per gel. i, Top, Normal size 
amplification product of exons 1-3 is shown 
in +/+ and du/du RNA, with reduced lev- 
els in the latter. Middle, Amplification be- 
tween exons 1 and 4 does not produce a 
product in du/du RNA, suggesting disrup- 
tion of the Cacna2d2 gene in this region. 
Bottom, Amplification of the rf«-specific 
chimeric transcript of Cacna2d2 exons 1, 2, 
and 3 and a novel sequence X. «, Overlap- 
ping PCR fragments spanning exons 2-39 
of Cacna2d2 can be detected in +/+ and 
du/du RNA, with lower levels observed in 
du/du samples, b, Wild-type Cacna2d2 tran- 
script (5.5 kb) is absent from du/du brain by 
Northern analysis using cerebellar mRNA 
and full-length Cacna2d2 as a probe. Low 
levels of two ^-specific bands (-1.5 and 5 
kb) are detected. The filter was rehybridized 
with /3-actin as a control for RNA loading, c, 
PFGE shows duplication of Cacna2d2 exons 
2 and 3 and region X in du/du genomic 
DNA. Southern analysis of iVo/I-digested 
genomic DNA separated by PFGE from 
+/+, +/du, and du/du mice is shown. Blots 
were hybridized with Cacna2d2 probes: /, 
exon 1; m, exons 2-3; m, exons 4-39; iv, 
region X. Sizes are in kilobases. d, A scale 
representation of the genomic region con- 
taining Cacna2d2 {red) and region X {blue) 
in +/+ and du/du mice. N, Notl sites. The 
presence of one or two B2 repeats 5' to 
region X is marked by a vertical line. The 
mutant transcripts 1 and 2 produced from 
each region in du/du are represented by col- 
ored boxes. The Cacna2d2 gene is arranged 
5' to 3' in +/+. In du/du, exons encoding 
mutant traascript 1 are shown in a 5' to 3' 
direction, and those encoding mutant tran- 
script 2 are inverted and shown 3' to 5'. The 
distance between exon 3 and region X is 
unknown but is >12 kb. The scale bar is in 
kilobases. 



the i/w-specific copy contains a single B2 repeat (Fig. 3d). A 
plausible mutation mechanism, possibly mediated by the B2 re- 
peats, is a head to tail duplication of Cacna2d2 exons 2-39 and 
region X, followed by a deletion including exons 4-39 of the 
original Cacna2d2. 

A second, distinct mutation of Cacna2d2 in 
du 2J ldv? J mice 

Recently, a spontaneous, autosomal recessive mouse mutant, with 
ataxia and paroxysmal dyskinesia, arose at The Jackson Labora- 
tory. Breeding experiments established it as a novel ducky allele- 
du . Cortical EEG recordings from du^/du 21 revealed infrequent 



bilateral SWDs of high amplitude (500 /llV) and 5-7 Hz (Fig. 4a). 
These spontaneous discharges were accompanied by behavioral 
arrest. To determine whether these discharges were seizure re- 
lated, an intraperitoneal injection of ethosuximide (100 mg/kg) 
was given, and the discharges were abolished. 

Mutational analysis of Cacna2d2 in du^ldu 21 mice by RT-PCR 
and genomic sequencing revealed a 2 bp deletion (TG) within 
exon 9 (Fig. 4b) predicted to cause premature truncation of the 
protein (GenBank accession number AF247142). Sequence anal- 
ysis of 45 subclones of the du^idu 21 RT-PCR product failed to 
detect any wild-type transcript (data not shown). Northern anal- 
ysis of mRNA from du^jdu 21 brain showed no difference in 
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Figure 6. The effect of c*2S2 on ad A/04 calcium 
channel currents expressed mXenopus oocytes, a, b, 
Calcium channel currents recorded in 5 mM Ba 2+ 
from Xenopus oocytes injected with either alA/04 
{a) or cdA/a2S2//34 (6). For clarity, only the currents 
on the rising phase of the l-V relationship are shown. 
c, l-V relationship of alA/04 (O) and alA/«2a2//34 
(•) peak currents (n = 14 and 13, respectively). The 
mean l-V relationships were fitted with a combined 
Boltzmann and linear fit, as described in Materials 
and Methods. No significant differences were ob- 
served in the V rcv or k (results not shown), d, Steady- 
state inactivation of a 1 A/04 (O) and cdA/a282//34 
(•) currents (n - 14 and 13, respectively) were ob- 
tained by stepping to the conditioning potential for 25 
sec, before measuring the current at the test potential 
of 0 mV. Individual data were fitted with a single 
Boltzmann equation of the form /// mttJ£ = 1/(1 + 
exp[(k - V 5{) )lk]\ where k is the slope factor and V st) 
is the voltage for 50% steady-state inactivation of the 
current. The ^ (K , nactivat! „ n) was -41.73 ± 1.0 mV for 
alA/04 and -41.68 ± 1.1 mV for alA/«252//34. 



the voltage for 50% activation shifting from -6.4 ± 0.7 to 
-12.0 ± 1.4 mV (p < 0.01) (Fig. 6c). The maximum conductance 
was increased from 0.013 ± 0.003 to 0.036 ± 0.005 fiS by coex- 
pression of a2S2. There was no effect of a2S2 on steady-state 
inactivation of alA//34 currents (Fig. 6d). 

Ca 2 + channel currents in du/du Purkinje cells and 
granule cells 

The effects of a232 on the alA/j34 current in vitro suggested that 
loss of wild-type a282 may result in a reduction in Ca 2+ current 
density. To test this, I Ba was examined in acutely dissociated 
cerebellar PCs from P4-P8 mice. / Ba density was clearly reduced 
in the PCs from du/du compared with +/+ and +/du mice (Fig. 
la y b). There was no effect on voltage dependence of activation 
(Fig. la) or on the kinetics of activation or inactivation (data not 
shown). Cell size, as determined by the capacitance, was not 
significantly different between the genotypes, being 14.9 ± 1.4, 
15.1 ± 09, and 17.6 ± 1.7 pF in the +/+, +/du, and du/du PCs,' 
respectively. To examine the basis for the reduction in the whole- 
cell/^ in du/du PCs, single P-type Ca 2+ channels were examined 
in the cell-attached mode from +/+, and du/du PCs (Fig. 
7c). There was no difference in the single-channel conductance or 
amplitude between the three genotypes (Fig. Id). In cultured 
cerebellar GCs, taken from P6-P8 mice, there was no significant 
difference in 7 Ba density at any potential (Fig. 7ef) or in cell 
capacitance between the genotypes. 

DISCUSSION 

Our data provide strong evidence that the ducky phenotype is 
associated with mutations in the Cacna2d2 gene. This is discussed 
together with a consideration of the normal expression pattern 
and function of the VDCC a262 accessory subunit it encodes and 
how disruption of this function leads to the phenotypic features 
of ataxia and spike-wave seizures. 

Cacna2d2 is disrupted in du and du** mice 

These studies demonstrate that wild-type Cacna2d2 transcript is 
absent from the brain of du/du and du^/du 23 mice. In du/du mice, 
a genomic rearrangement disrupts Cacna2d2 and duplicates a 
nonfunctional open reading frame, region X, although the exact 



mechanism remains unclear. Mutant transcripts 1 and 2 are 
present at very low levels in du/du mice and, if translated, would 
encode proteins that are unlikely to function normally. The 
product of mutant transcript 1 would lack most of the a2 subunit 
and the 5 subunit that includes the transmembrane domain, 
whereas that of mutant transcript 2 is unlikely to be trafficked 
correctly without a signal sequence. In du^/du 27 mice, a 2 bp 
deletion in exon 9 of Cacna2d2 would result in a truncated protein 
lacking >800 amino acids, including the transmembrane domain. 
This is the first mammalian phenotype associated with disruption 
of an a28 subunit gene and should allow the physiological roles of 
a282 and the other a28 subunits to be characterized further. 

Cacna2d2 is predominantly expressed in mouse brain 

Northern analysis of CACNA2D2 in human tissue showed highest 
expression in heart, pancreas, and skeletal muscle and lower levels 
in kidney, liver, placenta, and brain (Kiugbauer et al., 1999). A 
separate study reported highest expression in lung and testis and 
significant levels in brain, heart, and pancreas (Gao et al, 2000) 
and suggested that the pattern in the former study may reflect 
cross-hybridization of the probe with CACNA2D1. The expres- 
sion pattern presented here corresponds more closely with the 
latter study, and the differences observed (particularly in lung) 
may be attributed to species differences and/or developmental 
differences. This is not unprecedented (Fougerousse et al., 2000). 

In brain, Cacna2d2 expression was highest in cerebellar PCs 
but was also detected in cerebral cortex, hippocampus, cerebellar 
GCs, nRT, habenula, pons, and medulla. The genes encoding the 
«261, a252, and a253 subunits show generally distinct patterns of 
expression within the cerebellum. Cacna2dl is predominantly 
expressed in the GCL, Cacna2d2 is predominant in the Purkinje 
cell layer (PCL), and Cacna2d3 expression is detected in the 
molecular layer (ML) (Kiugbauer et al, 1999; Hobom et al., 2000; 
present study). Most of the al, /3, and y subunit genes share at 
least one region of expression with Cacna2d2, making it difficult 
to predict in vivo interactions based on expression profiles. How- 
ever, the similarity of the ducky phenotype to that observed in 
mice with mutations in genes encoding the alA and /34 subunits 
(Fletcher et al., 1996; Burgess et al, 1997) and their predominant 
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Figure 7. Calcium channel currents in cerebellar 
Purkinje cells and granule cells, a, I-V relationships 
in PCs from +/+ (n = 19), +/du (n = 32), and duldu 
(n = 14) mice. Genotypes as indicated in the figure. 
Cells were held at -80 mV. At -10 mV, the / Ba 
density was -84.9 ± 8.2, -90.5 ± 7.8, and -54.2 ± 
8.9 pA/pF in the +/+, +/du, and duldu PCs, respec- 
tively (p < 0.05 for duldu vs + /+ ; p < 0.01 for dufdu 
vs +ldu). There was no significant difference between 
the genotypes in the kinetics of activation or in the 
inactivation over 50 msec. The 10-90% rise times at 
- 10 mV were 3.5 ± 0.2, 3.4 ± 0.2, and 3.9 ± 0.2 msec 
in +/+, +Jdu, and duldu PCs, respectively, and the 
respective percentage of inactivation in 50 msec was 
13.6 ± 1.3, 16.4 ± 0.9, and 17.1 ± 2,0%. Calibration: 
30 pA/pF, 20 msec, b, Example current traces from 
+/+, +ldu, and duldu PCs. The currents were elicited 
by 50 msec voltage steps from ~70 to -10 mV. / B * 
density is reduced in PCs from duldu mice compared 
with +/+ mice, c, Ca 2+ channel activity in cell- 
attached patches from PCs of +/+ (left; two overlap- 
ping openings are evident, indicative of at least two 
channels active in the patch of membrane recorded), 
+/du (middle; two channels in patch), and duldu 
(right; single channel) mice. Top, The voltage proto- 
col; holding potential, -70 mV; test potential, +20 
mV, for 500 msec, delivered every 5 sec. Three rep- 
resentative current traces are shown for each cell; 
openings are downward deflections, and the horizontal 
lines that run through the traces represent the closed 
state. Calibration: 1 pA, 250 msec, d, Similar single- 
channel conductance for VDCCs in PCs of +/+, 
+ldu, and duldu mice using the same symbols as in 
a. Single-channel amplitudes were measured at 
three different voltages and averaged for each pop- 
ulation, n = 3-4, 4-5, and 2-6 patches for +/+, 
+/du, and duldu, respectively. The single-channel 
conductance was determined by fitting a linear 
function to the mean data and was 13.8, 11.4, and 
13 pS, respectively, e, l~V relationships for GCs 
from +/+(«*= 35), +fdu (n « 18), and duldu (n = 

23) mice. Cells were held at -70 mV. The mean /-(/relationships were fitted with a combined Boltzmann and linear fit./, Example current traces 
from +/+, +fdu, and duldu GCs. The currents shown were elicited by 100 msec depolarizing voltage steps from -50 to + 15 mV. Calibration: 10 
pA/pF, 50 msec. 
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PC expression pattern suggests that a282 contributes to the 
P-type current. 

a2SZ interacts in vitro with the <*1A//34 combination 

In vitro studies have shown that «2S1 and a233 subunits increase 
peak current amplitude and alter the kinetics of inactivation for a 
number of different al subunits (Walker and De Waard, 1998; 
Dolphin et al., 1999; Khigbauer et ai., 1999). In vitro studies with 
human a282 also demonstrate increased peak current amplitude 
for several al subunits (Gao et al, 2000). Our results show that 
mouse a2S2 causes a 2.8-fold increase in maximum conductance 
for the alA/04 subunit combination when coexpressed in Xeno- 
pus oocytes. 

Mechanism of the altered Ca 2+ channel current in 
duldu PCs 

The in vitro expression data suggested that disruption of a252 
expression in ducky mice may result in a decrease of the Ca 2+ 
channel current in ceils that express Cacna2d2, Electrophysiolog- 
ical recordings from isolated duldu PCs confirmed this hypothe- 
sis, with a 35% decrease in the peak P-type Ca 2+ current density 
in duldu compared with +/+ PCs. This result has been confirmed 
recently by Ca 2+ imaging experiments (J. Brodbeck and A. C. 
Dolphin, unpublished results). Furthermore, the comparable sin- 
gle P-type Ca 2+ channel conductance in the two genotypes 



indicates that the reduction in / Ba density reflects either a change 
in the number of functional channels or their open probability. 
The ducky mouse represents the first example of an accessory 
VDCC subunit mutant with a measurable effect in PCs. Record- 
ings from alA mutant mice PCs also revealed changes in the 
P-type Ca 2+ current compared with that in wild-type PCs (Dove 
et al., 1998; Lorenzon et al, 1998; Wakamori et al, 1998; Jun et 
al., 1999). Similar studies performed on lethargic mice, however, 
showed no differences from wild type, potentially as a result of 
compensation by other /3 subunits (Burgess et al., 1999). The low 
levels of Qacnaldl and Cacna2d3 transcripts in the PCs may 
preclude such compensation in PCs of duldu mice, and indeed no 
upregulation of these mRNAs was seen in duldu PCs. In vitro 
recordings from cultured duldu and +/+ GCs demonstrated no 
significant difference in the Ca 2+ channel current, consistent with 
the lower expression levels of Cacna2d2 in the GCL. 

Calcium channel dysfunction and the ducky phenotype 

It is likely that several features of the ducky phenotype, including 
the SWDs, ataxia, and paroxysmal dyskinesia, are attributable to 
loss of full-length functional a2S2 in neurons of ducky mice. The 
occurrence of these traits in other mice with mutations in genes 
encoding VDCC subunits supports this hypothesis. 
Homozygous Cacnala' 8 , Cacnb4 lh Cacng2 s ' s , du, and du 21 mice 
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all exhibit generalized bilaterally symmetrical SWDs with a fre- 
quency of 5-7Hz (Noebels and Sidman, 1979; Noebels et al., 1990; 
Hosford et al., 1992; present study). Evidence from animal mod- 
els suggests that SWDs are generated by aberrant thalamocortical 
oscillations involving neocortical pyramidal neurons, thalamic 
relay neurons, and GABAergic neurons of the nRT (Snead, 
1995). T-type Ca 2+ currents underlie thalamic oscillations, and 
VDCCs have an essential role in presynaptic release of neuro- 
transmitters, providing two potential mechanisms linking Ca 2+ 
currents and thalamocortical circuits (Coulter, 1997). Reduction 
of excitatory but not inhibitory synaptic transmission in the thal- 
amus of lethargic and tottering mice has been documented pre- 
viously (Caddick et al, 1999), and it was proposed that a net 
enhanced GABAergic input in thalamocortical neurons may syn- 
chronize them into a burst firing mode. In contrast, hippocampal 
neurotransmitter release appears to be stabilized by a Ca 2+ 
current compensatory mechanism in the same mice (Qian and 
Noebels, 2000). Additional work is required to elucidate the 
mechanism of SWD generation in ducky mice. However, the 
expression of Cacna2d2 within the nRT and cortical pyramidal 
neurons suggests a similar mechanism may be involved. 

An ataxic gait is first detectable between P10 and P21 in 
tottering, lethargic, stargazer, and ducky homozygotes (Snell, 
1955; Green and Sidman, 1962; Dickie, 1964; Noebels et al., 
1990). The high levels of expression of all the corresponding 
VDCC subunit genes in cerebellar neurons, particularly PCs, 
provides an obvious anatomical correlate with the presumed 
cerebellar dysfunction underlying the ataxia, PC loss has been 
documented in some, but not all, of these mutant strains; for 
example, it is observed in 1$* (Heckroth and Abbott, 1994). In 
duldu mice, no loss of PC somata was seen, but preliminary 
findings indicate major PC dendritic abnormalities (Brodbeck and 
Dolphin, unpublished results). The duldu PCs in which a reduced 
Ca 2+ channel current was documented were obtained, for tech- 
nical reasons, from ducky mice too young and developmentally 
immature to manifest an ataxic gait. However, it is reasonable to 
assume that the functional deficit is also present in older mice, 
and its presence before the overt phenotype is seen demonstrates 
that it is not merely a secondary effect. It is noteworthy that 
mutations in the human ortholog of the tottering gene CACNA1A 
are associated with ataxia and are also associated in vitro with a 
reduced whole-cell Ca 2+ channel current (Hans et al, 1999). 

There is one noticeable phenotypic difference between the 
duldu and du^ldu 2 * mice. Homozygous du 21 mice lack the char- 
acteristic "ducky" gait, potentially reflecting differences in the 
relative effects or stabilities of the mutant gene products. Addi- 
tionally, the two mutations are maintained on different genetic 
backgrounds (du on TKDU and du 27 on C57BLKS/J), and this 
has an effect in other channelopathy phenotypes (Sprunger et al., 
1999). Alternatively, these differences could result from involve- 
ment of other genes that are either disrupted or duplicated by the 
du rearrangement but unaltered in dvFldu 21 mice. Several other 
genes lie within the du interval, including a semaphorin (Sekido 
et at, 1996). 

These observations complete the association of mutations in all 
four main categories of VDCC subunits with a phenotype in 
mouse that includes SWDs and ataxia. A central role for dis- 
turbed neuronal calcium channel function can therefore be in- 
voked. In the case of a2S2, this is reinforced by the finding that a 
high-affinity binding site of the anti-epileptic drug gabapentin in 
brain has been identified as a28 (Gee et al., 1996). In conclusion, 
these observations extend the occurrence of epileptogenic muta- 



tions to the last major category of genes encoding VDCC subunits 
and further strengthen the argument that such genes represent an 
important class of candidates for human IGRs. 
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The mouse mutant ducky, a model for absence epi- 
lepsy, is characterized by spike-wave seizures and cere- 
bellar ataxia. A mutation in Cacna2d2, the gene encod- 
ing the at28-2 voltage-dependent calcium channel 
accessory subunit, has been found to underlie the ducky 
phenotype. The a2&2 mRNA is strongly expressed in 
cerebellar Purkinje cells. We show that duldu mice have 
abnormalities in their Purkinje cell dendritic tree. The 
mutation in «2S-2 results in the introduction of a prema- 
ture stop codon and predicts the expression of a trun- 
cated protein encoded by the first three exons of 
Cacna2d2, followed by 8 novel amino acids. We show 
that both mRNA and protein corresponding to this pre- 
dicted transcript are expressed in duldu cerebellum and 
present in Purkinje cells. Whereas the a2S-2 subunit 
increased the peak current density of the Ca v 2.1/0 4 
channel combination when co-expressed in vitro, co-ex- 
pression with the truncated mutant a2S-2 protein re- 
duced current density, indicating that it may contribute 
to the du phenotype. 



Voltage-gated Ca 2+ (Ca v ) 1 channels have been divided func- 
tionally into L-, N-, P/Q-, and T-types (1). Each Ca v channel 
is composed of a pore-forming a 1 subunit, associated at least in 
the case of the Ca v l and -2 subfamilies with an intracellular j3 
subunit responsible for trafficking (2) and a membrane-an- 
chored, but predominantly extracellular, a28 subunit, whose 
function is less well defined (2). Ca v l.l (a t S) is also associated 
with a 7 subunit (y A ), and this may be true for other Ca v 
channels (3), although the neuronal y subunits may also sub- 
serve other functions (4). The a l subunit determines the main 
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biophysical properties of the channel and is modulated by the 
other subunits (2). Mammalian genes encoding 10 a 1} 4 j3, 8 y, 
and 3 a2& subunits have been identified (1, 5, 6). 

A number of spontaneous autosomal recessive mutant mouse 
strains have now been identified, involving mutations in each 
of the four different subunits that together compose a voltage- 
dependent calcium channel. They all have a similar phenotype 
that includes cerebellar ataxia and spike- wave seizures. Tot- 
tering {Coxnala 1 *) has a point mutation in Ca v 2.1 (c^A) (7), 
and a number of alleles of this mutant have now been identi- 
fied, as summarized recently (8). Lethargic (Cacnb4 lh ) repre- 
sents a truncation mutation of the /3 4 subunit (9). Stargazer 
{Cacng2 sC s) has a truncation mutation in the y 2 subunit (3), 
although its role as a calcium channel subunit remains contro- 
versial (4, 10, 11). Finally, the two ducky alleles (Cacna2d2 du 
and Cacna2d2 du % J ) both predict truncation mutations in the 
a26-2 subunit (12). 

Homozygotes for the ducky (du) allele are characterized by 
ataxia and paroxysmal dyskinesia (13). The cerebellum is re- 
duced in size (14), but we have previously found no loss of 
Purkinje cell (PC) bodies at postnatal day (P) 21 (12). In this 
study we observed a reduction in calcium channel current in 
P21 PCs isolated from duldu compared with +/+ cerebella 
(12). The present study provides evidence that thedu mutation 
results in the persistence of PCs with an immature and grossly 
abnormal morphology, including multiple primary dendrites 
and a reduction in the size of the PC dendritic tree. This is 
associated with loss of full-length a28-2 protein and expression 
of a truncated mutant a26-2 protein with aberrant function. 

EXPERIMENTAL PROCEDURES 

Construction of du-mutl a z — The du mutant 1 construct (du-mutl 
a 2 ) was assembled by PCR (Platinum Pfx polymerase; Invitrogen) of 
duldu total brain cDNA using primers corresponding to the cDNA 
sequence (GenBank™ AF247140) containing engineered Smal or Spel 
restriction sites. The primer sequences are as follows: F, 5'- TTG(C- 
CCGGG)GAACATGGCGGTGCCCGGCT~3\ and R, 5'- TCT(CAGGT- 
OAGAGTAACCAGAGACCAA-3 ', with the recognition sites indicated 
in parentheses. The PCR product was digested with Smal and Spel and 
ligated into the corresponding sites of a modified pMT2 vector (Genetics 
Institute, Cambridge, MA). Insert sequence fidelity was determined by 
automated sequencing (PE Biosystems, Warrington, UK). 

Genotyping — Mice were obtained from The Jackson Laboratory (Bar 
Harbor, ME), and a colony was established, as described previously 
(12). RNA was extracted from samples of mouse brain tissue using 
RNeasy Mini Kit and QIAshredder (Qiagen Ltd., Crawley, West Sussex, 
UK). RNA was reverse-transcribed using Moloney murine leukemia 
virus-reverse transcriptase (Promega, Southampton, UK) with 0.6 
units-ml -1 RNasin Ribonuclease Inhibitor (Promega) and 25 ng^l"" 1 
Random Hexamers (Promega). PCRs were carried out with primers 
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49F, 5'-ACGCCCGCTCTTGCTCTTGCT-3', and 11R, 5'-CCTC- 
C AAAAATCCGCATC AC-3 ' , which produce a 156-bp product from both 
the wild-type and du alleles of the Cacna2d2 transcript. Primers 49F 
and 50R, 5'-TCAGCCTTGGCATCGTAGTA-3 produce a 387-bp prod- 
uct from the wild-type allele only. Primers 20F, 5'-GCCGCATCTT- 
GAATGGAAAC-3', and 86R, 5'-CAGAGACCAATGAGACTGGA-3 ' , pro- 
duce a 456-bp product from the du allele only. 

DNA was extracted by incubating 2 mm of tail-snip tissue in 75 u.1 of 
25 mM NaOH, 0.2 mM Na^EDTA at 95 °C for 30 min followed by cooling 
to 4 °C and addition of 75 fi\ of 40 mM Tris-HCL 5 /d of the resultant 
solution was amplified in the PCRs. Primers 98F, 5'-ACCTATCAG- 
GCAAAAGGACG-3 and 120R, 5 '-AGGGATGGTGATTGGTTGGA-3 ' , 
produce a fragment of 541 bp from a region that is duplicated in the du 
allele. Digestion withUspHI results in two fragments of 286 and 273 bp 
from the du allele, whereas the wild-type allele remains uncut. Wild- 
type mice can be identified by the presence of a single band upon 
agarose gel electrophoresis. Heterozygous and du/du mice each show 
two bands and can by distinguished on the basis of their relative 
intensities. 

Lucifer Yellow / Neurobiotin Injection and Quantification — P21-P26 
mice were asphyxiated with C0 2 , and the cerebella were sliced 
parasagitally at 400 fim in artificial cerebrospinal fluid (in mM: 125 
NaCl, 25 NaHC0 3 , 25 glucose, 2.5 KC1, 1.25 NaH 2 P0 4 , 2 CaCl 2 , 1 
MgCl 2 , saturated with 95% 0 2 /5% CO a at 4 °C) using a vibratome 
(Campden Instruments, London, UK). Dendrites and somata of PCs 
were visualized by infrared differential interference contrast video mi- 
croscopy (15). Glass microelectrodes (outer tip diameter 0.3 /im) were 
filled with an aqueous solution of 10% lucifer yellow lithium salt (Sig- 
ma) and 10% neurobiotin (Vector Laboratories Inc., Burlingame, CA), 
and backfilled with 1 m LiCl. Dye was injected iontophoretically into PC 
somata, by alternating the current repeatedly from -40 to +40 nA over 
5 min. The tissue slices were then fixed for 1 h in 4% paraformaldehyde, 
stained for neurobiotin with Texas Red-coupled streptavidin (Molecular 
Probes, Eugene, OR, 25 /utg-ml -1 for 1 h), and viewed by confocal 
microcopy. 

Four cells of two genotypes (+/+ and du/du) were scanned using 
identical parameters. Selected fields were optically sectioned using 
1-jLtm steps. The entire z series was projected as a single composite 
image by superimposition. The final image was thresholded to form a 
binary image for analysis by NIH Image J software version 1.62. Fol- 
lowing formation of the skeleton, the dendritic tree was contained in a 
minimal rectangle, and the number of dendrites were counted crossing 
a horizontal and diagonal line. Branch points were determined from the 
soma to the end of the three longest dendrites for each cell. 

Golgi-Cox Staining— P24 mice were asphyxiated with C0 2 , and their 
brains were removed from the cranium, immediately immersed in 20 ml 
of fixative (34 mM K 2 Cr 2 0 7 , 37 mM HgCl 2 , and 23 mM Y^Ct0 4 \ and left 
undisturbed for 12 weeks in the dark at 4 °C. Vibratome sections (100 
tim) were developed for 20 min in a 5% NaaS0 3 solution, before being 
mounted on microscope slides and coverslipped with Vectashield (Vec- 
tor Laboratories). Slides were viewed on a Leica microscope using 64 X 
magnification. Image sections were grabbed through an attached CCD 
camera, using Vision Explorer software (Alliance Vision, Mirmande, 
France), enabling the deconvolution and projection of different optical 
planes. 

In Situ Hybridization and Immunohistochemistry — Mice (aged P21 
to P24) were anesthetized by C0 2 inhalation or pentobarbitone injection 
(200 mgkg -1 , intraperitoneal) and perfused intracardially with 4% 
paraformaldehyde in phosphate-buffered saline (PBS). The brain was 
placed in 4% paraformaldehyde at 4 °C for 3 h and then transferred into 
30% sucrose overnight, before embedding in Cry-M-Bed (Bright Instru- 
ment Ltd., Huntingdon, UK) and sectioning. Alternatively, the brain 
was removed without fixation and frozen in liquid nitrogen. 10-25-^im 
cryostat sections were cut and air-dried onto positively charged slides 
(Merck). 

A cDNA fragment corresponding to Cacna2d2 5' (nucleotides 206- 
620, using the numbering system from GenBank™ accession number 
AF247139) was subcloned into pBluescript SK+ (Stratagene, La Jolla, 
CA). Sense and antisense RNA probes were prepared using T3 or T7 
polymerase and digoxigenin RNA labeling mix and purified using 
Quickspin columns (Roche Molecular Biochemicals). In situ hybridiza- 
tion was carried out as described (16). 

Two polyclonal antipeptide antibodies were raised in rabbits to 
amino acids 16-29 and 102-117 of a26-2. Neither of the peptides used 
as antigens showed any homology with other protein sequences in the 
data base. They were purified by affinity chromatography using the 
immobilized synthetic peptide and stored at 0.5 mgml -1 in PBS, pH 
7.2, at -20 °C. For immunohistochemistry of a2S-2, 25-^m sections 



were incubated overnight with primary antibody at 4 °C (1.25 /xg-ml -1 ). 
This was followed by a biotinylated anti- rabbit IgG secondary antibody 
(Sigma, 7.2 /xg-ml 1 ) and a Texas Red-streptavidin conjugate (2 
jiig-mr 1 ). Some tissue sections or cells were also incubated for 1 min 
with the nuclear dye 4',6-diamidino-2-phenylindole (DAPI, 300 nM, 
Molecular Probes). They were examined by laser scanning confocal 
microscopy, using 1-ptm optical sections. For peptide controls the ap- 
propriately diluted antibody was incubated for 1 h at 37 °C with a 10 X 
higher concentration (w/v) of the immunizing peptide, before applying it 
to sections. 

Transfection ofCOS-7 Cells— Transfection was performed with Ge- 
nePORTER transfection reagent (Gene Therapy Systems, San Diego, 
CA). Cells were plated onto coverslips or dishes, 2-3 h prior to trans- 
fection. The DNA and GenePORTER reagent (6 /Ag and 30 j4, respec- 
tively) were each diluted in 500 fi\ of serum-free medium, mixed, and 
applied to the cells. After 3.5 h, 1 ml of medium containing 20% serum 
was added to the cells, which were then incubated at 37 °C for 3-4 days. 
For electrophysiological recordings, cells were re-plated 1-6 h prior to 
use. 

Immunocytochemistry on COS-7 Cells— The method used is essen- 
tially as described previously (17). Cells were fixed with 4% paraform- 
aldehyde in PBS for 15 min at room temperature. For permeabilization, 
cells were incubated twice for 7 min in a 0.02% solution of Triton X-100 
in Tris-bufTered saline; otherwise, cells were washed twice with Tris- 
buffered saline for the same period. The primary antibodies were used 
at 1.25 fig-ml" 1 . The biotinylated anti-rabbit IgG secondary antibody 
(7.2 fAg-ml" 1 ) was then incubated for 2 h at 4 °C, followed by streptavi- 
din-Texas Red (2 jig-ml -1 ). Cells were then incubated for 1 min with 
DAPI (300 nM). 

Preparation of Whole COS-7 Cell Ly sates — COS-7 cells were trans- 
fected with either a25-2 or du-mutl a 2 as described above. On day 4 
post-transfection, the cells were resuspended in detergent-free Buffer 
A. Samples (2 mg of total protein) were then solubilized in Buffer A 
containing 1% CHAPS for immunoaffinity purification of «25-2 as de- 
scribed below. 

Preparation of Cerebellar Tissue Homogenate — Cerebella, stored at 
-80 °C, were thawed in ice-cold Buffer A (10 mM HEPES, pH 7.4, 150 
mM NaCl, 2 mM EDTA, and protease inhibitors (Complete EDTA-free, 
Roche Molecular Biochemicals, 1 tablet/50 ml buffer)), plus 150 mM 
sucrose. The tissue was homogenized, and the homogenate was centri- 
fuged at 5000 X g for 10 min at 4 °C. The resultant supernatant was 
diluted 4 times with Buffer A, prior to detergent treatment. The protein 
concentration of samples was determined using either the bicinchoninic 
acid (BCA) assay (Perbio, Tattenhall, UK) in the presence of 0.5% SDS, 
or where the samples were in SDS-PAGE buffer, by a modified filter 
paper dye-binding assay (18). 

Immunoaffinity Purification of a28~2 and du-mutl a 2 — Affinity- 
purified Ab( 16-29) or Ab(102-117) (2 mg) was covalently coupled to a 
1-ml column of Sepharose-NHS (Amersham Biosciences) according to 
manufacturer's instructions. The efficiency of coupling was assessed by 
SDS-PAGE. The columns were pre-washed with 200 mM glycine HC1, pH 
2.4, and neutralized before first use to ensure complete removal of any 
residual unbound IgG. Control columns contained 2 mg of protein A- 
Sepharose- isolated IgG from the corresponding pre-immune rabbit sera. 
COS-7 cells transfected with either a25-2 or du-mutl a 2 (2 mg of total 
protein) or cerebellar homogenate (+/+ or du/du> 6-20 mg of total pro- 
tein) were solubilized in Buffer A (see above) containing 1% (w/v) CHAPS 
and placed on ice for 30 min following sonication 3 times for 10 s. The 
detergent extracts were cleared by centrifugation (48,000 X g, 20 min, 
4 P C) and then applied to the relevant antibody or control IgG columns 
that had been pre-equilibrated with Buffer A containing 0.5% CHAPS. 
The lysates were recirculated through the columns using two opposing 
syringes for 60 min at 4 °C. Unbound material was washed from the 
columns in Buffer A containing 0.5% CHAPS and then Buffer A + 0.1% 
CHAPS. Bound proteins were eluted with 200 mM glycine HC1, pH 2.4, 
and then concentrated for SDS-PAGE and Western blot analysis by pre- 
cipitation with 10% trichloroacetic acid followed by centrifugation 
(30,000 X g, 30 min, 4 °C). Samples of the precipitated proteins were 
separated on either 10 or 4-20% gradient gels under reducing conditions 
and then electrophoretically transferred to polyvinylidene difluoride 
membranes for immunodetection. The polyvinylidene difluoride mem- 
branes were blocked with 3% BSA for 3 h at 55 °C and incubated over- 
night with a 1:1000 dilution of either Ab(16-29) or Ab(102-117) followed 
by a 1:1000 dilution of goat anti-rabbit IgG-horseradish peroxidase con- 
jugate (Bio-Rad) for 1 h at 20 D C and detected using ECL (Amersham 
Biosciences). The antibody and control IgG columns were neutralized and 
washed with 50 mM Tris, pH 7.4, 1 M NaCl, and 0.02% sodium azide and 
stored in PBS, pH 7.2, with 0.02% sodium azide at 4 °C. 
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Heterologous Expression of cDNAs and Electrophysiology — Gen- 
Bank™ accession numbers of cDNAs are given in parentheses. Calcium 
channel expression in COS -7 cells was investigated by whole cell patch 
clamp recording, essentially as described previously (19), by trans fec- 
tion of rat Cs^ 2.1 (M64373) E1686R (20), in conjunction with rat )3 4 
(L02315) and mouse a28-2 (AF247139, common brain splice variant, 
lacking exon 23 and 6 bp of exon 38 (21)) or du-mutl a 2 (AF247140) 
cDNAs cloned into the pMT2 vector. The cDNA for green fluorescent 
protein (mut3 GFP) (22) was included in the transfection to identify 
transfected cells from which recordings were made. Transfection was 
performed as described above, using the ratios for a lt /3, a28, and GFP 
of 3:1:1:0.1. In the single channel experiments cDNA for /3-adrenergic 
receptor kinase 1 (0-ARK1), Gjiy binding domain was included in the 
transfections, at the same concentration as the subunit cDNA (23). 
For expression in Xenopus oocytes, cDNAs encoding rabbit Ca v 2.1 
(X57689), rat /3 4 and mouse <*25-2 or du-matl a 2 cDNAs were injected 
intranuclearly as described previously (24), except that 4 nl of the 1:1:1 
ratio cDNA mixture was injected at 1 jig*/*]" 1 . In control experiments 
where a2S-2 was omitted, the ratio was made up with buffer. Record- 
ings were made using two-electrode voltage clamp as described previ- 
ously (24), using 10 mM Ba 2+ as charge carrier. Individual I-V relation- 
ships were fitted with a modified Boltzmann Equation 1, 

I = GU(V - V rev )/(1 + exp( - (V - Vn)/k)) (Eq. 1) 

where G max is the maximum conductance; V rev is the reversal potential; 
k is the slope factor; and V 50 is the voltage for 50% current activation. 

Single Channel Recording and Analysis — All recordings were taken 
from cell-attached patches on GFP-positive cells at room temperature 
(20-22 °C). Recording pipettes were pulled from borosilicate tubes 
(World Precision Instruments, Inc., Sarasota, FL), coated with Sylgard 
(Sylgard 184, Corning Glass), and fire-polished to form high resistance 
pipettes (—10 megohms with 100 mM BaCl 2 ). The bath solution, de- 
signed to zero the resting membrane potential (25), was composed of (in 
mM) 135 potassium aspartate, 1 MgCl 2 , 5 EGTA, and 10 HEPES (ti- 
trated with KOH, pH 7.3), and patch pipettes were filled with a solution 
of the following composition (in mM): 100 BaCl 2 , 10 tetraethylammoni- 
um-Cl, 10 HEPES, 200 nM tetrodotoxin, titrated with tetraethylammo- 
nium-OH to pH 7.4. Both solutions were adjusted to an osmolarity of 
320 mosmol with sucrose. Data were sampled (Axopatch 200B and 
Digidata 1200 interface, Axon Instruments, Foster City, CA) at 20 kHz 
and filtered on-line at 1-2 kHz. Voltages were not corrected for liquid 
junction potential (26), measured to be - 15 mV in these solutions, in 
order to be able to compare the results to other published material. 
Leak subtraction was performed by averaging segments of traces with 
no activity from the same voltage protocol in the same experiment and 
subtracting this average from each episode using pClamp6 (Axon In- 
struments). Statistical analysis was performed using paired or un- 
paired Student's t test. For the single channel analysis, patches were 
only used in which three or fewer overlapping openings were detected. 
With an open probability of about 0.5 at +40 mV and at least 20 
consecutive stimulations, the number of detectable multiple openings 
was considered to represent the number of channels active in these 
patches. Event detection was carried out using the half-amplitude 
threshold method. Single channel amplitude was determined by a 
Gaussian fit to the binned amplitude distributions. Mean open and 
closed times were determined as a single or double exponential fitted to 
open time distributions. Open time distributions were only collected in 
episodes or parte of episodes with no overlapping openings. For closed 
time distributions, we used either single channel patches or segments 
toward the end of episodes in which only one channel remains active 
and no further overlaps occur. Data are expressed as mean ± S.E. For 
steady-state inactivation, all the available patches were considered, 
and each was normalized to its peak current response during the 
prepulse to +40 mV. Latency to first opening was measured in 2-ms 
bins. First latency (FL) histograms from each experiment were divided 
by the number of episodes collected, and the plots were then accumu- 
lated and divided by the number of stimulations, to express the data as 
the FL probability (23, 27). Two- and three-channel patches were also 
corrected for the apparent number of channels in the patch, according 
to Equation 2, 

FLi = 1 - (1 - FLfif m (Eq.2) 

FL X and FL^ are the single channel and multichannel cumulative first 
latency functions, respectively, and N is the apparent number of 
channels. 




Fig. 1. Comparison of +/+ and diddu PC morphology by Golgi 
impregnation. Light micrographs showing individual Golgi-impreg- 
nated PCs of +/+ (A) and duldu (B-F) cerebellum. Parasagittal sections 
for both genotypes were taken from an identical region of the vermis 
(see diagram top left). A, typical +/+ PC with dendritic processes 
reaching the pial surface. B-F, duldu PCs were characterized by the 
absence of an apically oriented main dendrite. The cell in B also exhibits 
a weeping willow-like dendrite bending back toward the granule cell 
layer {arrowhead). The cells in D-F show multiple primary dendrites 
emerging from the perikaryon. 

RESULTS 

Comparison of Morphology of duldu and + I + PCs — The 
duldu cerebellum exhibits normal foliation and laminar struc- 
ture. There are no gaps in the PC layer, and their perikarya 
form a single row. The thickness of each layer is reduced in 
duldu compared with wild-type littermates as described previ- 
ously (12). Two techniques were used to compare the morphol- 
ogy of cerebellar PCs between the different genotypes in more 
detail as follows: first, classical Golgi impregnation, and sec- 
ond, microinjection of PC somata with Lucifer Yellow and neu- 
robiotin. Both methods revealed a changed PC cytoarchitecture 
in homozygous duldu cerebella at P21-26, which was the latest 
period in which morphology could be studied, given that the 
duldu mice die by P35. In the Golgi-impregnated cerebella, PCs 
were examined in detail in multiple cerebellar sections from 
one +/+ and six duldu mice. Atypical initial lateral extensions 
of the primary dendrite were seen in duldu but not in +/+ PCs 
(compare +/+ in Fig. 1A to duldu in Fig. 1, B, C, and F). The 
primary dendrites may then bend apically in a delayed target- 
ing of the pial surface, which they frequently fail to reach (e.g. 
Fig. 1, B and C). Thickened tertiary branchlets were found to 
bend downwards in some duldu PCs, giving a "weeping willow" 
appearance (Fig. IB, closed arrowhead). Additionally, PC so- 
mata are frequently multipolar, exhibiting up to three primary 
dendrites (Fig. 1, D-F), which, in the cells shown in Fig. 1, E 
and F, extend laterally rather than targeting the pial surface. 

Similar results were obtained with the cell-filling technique, 
for which 4 +/+ and 4 duldu PCs were examined in detail. The 
duldu PCs displayed a dendritic arbor that was significantly 
less complex, reduced in size, and frequently did not reach the 
border of the molecular layer (compare the typical +/+ PC in 
Fig. 2A with three duldu PCs shown in Fig. 2B). Additionally, 
the shafts of the main and secondary dendritic branches of 
duldu PCs were often thickened (Fig. 2B). In one duldu PC, the 
dendrites drooped down toward the granule cell layer giving a 
weeping willow appearance (Fig. 2B, top right panel), similar to 
that seen in some of the Golgi-impregnated duldu PCs (Fig. 
IB). Following formation of the skeleton of the dendritic trees 
(Fig. 2C), the numbers of dendrites were found to be reduced in 
duldu PCs (Fig. 2D, left panel), and the total length of the 
dendritic tree was also reduced (Fig. 2D, center panel). How- 
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Fig. 2. Comparison of +/+ and diddu 
PC morphology by cell filling. Lucifer 
Yellow/neurobiotin injection of cerebellar 
PCs of +/+ (neurobiotin staining for one 
representative cell shown, as morphology 
of all +/+ PCs was similar) (A) and du/du 
(three cells shown, to illustrate variation 
in morphologies observed, the first im- 
aged with neurobiotin staining, and the 
other two with lucifer yellow) (B). C, skel- 
etonized dendritic tree of the cells, shown 
in A and B, for evaluation of arborization 
complexity, independent of dendritic 
width. This is quantified in D. Left panel, 
the number of dendrites per cell crossing 
a horizontal (H) and diagonal CD) line. 
Center panel, number of black pixels as 
indication of the whole area covered by 
skeletonized dendrites. Right panel, num- 
ber of branch points. For all panels of D, 
n ~ 4 for both +/+ and duldu PCs. Aster- 
isks indicate a statistically significant dif- 
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ever, the number of branch points on the longest dendrites was 
unchanged (Fig. 2D, right panel). 

The du 5' Mutant Transcript Is Present and Translated in 
du/du Cerebellar PCs— We have shown previously, by in situ 
hybridization using a 3' antisense probe, that no full-length 
transcript for Cacna2d2 is present in du/du cerebellum, 
whereas a strong signal was obtained in +/+ cerebellar PCs 
(12). In the present study we performed in situ hybridization 
with a 5' Cacna2d2 antisense RNA probe to examine whether 
a truncated message was present in du/du PCs. This confirmed 
the presence of full-length transcript for Cacna2d2 in +/+ PCs 
(Fig. 3A). The data would also not be inconsistent with the 
additional presence of transcript in small Bergmann glial cell 
bodies (Fig. 3A, arrows, see also Fig. 8). The results also dem- 
onstrate a low level of message hybridizing to the 5' probe in 
du/du PCs (Fig. SB, compared with Fig. 3A). This, together 
with the absence of full-length transcript in du/du PCs shown 
in our previous study (12), provides evidence for a low level of 
transcription of du mutant transcript 1 (12) in these cells. 

We therefore generated an «26-2 antipeptide antibody uti- 
lizing an immunizing peptide corresponding to amino acids 
102-117, with the intent of examining whether a mutant pro- 
tein was expressed in du/du cerebellum. This sequence is near 
the N terminus of «28-2 and is also present in the predicted 
protein product of the du mutant transcript 1, termed dw-mutl 
« 2 (Fig. 4A). This antibody, called Ab(102-117), was first char- 
acterized against heterologously expressed «2S-2. On Western 
blots of gels run under reducing conditions, ct 2 is separated 
from the 6 moiety to which it is disulfide-bonded under native 
conditions. Ab(102-117) specifically recognized the a 2 moiety of 
a2S-2 (as a broad band at about 150 kDa) and not the a 2 moiety 
of a2£-l when both a2S-l and «2S-2 were overexpressed in 
COS-7 cells (Fig. 4B). It also recognized an ~10-kDa protein 
product of the du-mutl a 2 cDNA expressed in COS-7 cells (Fig. 
AB). When Ab(102-117) was used to examine the immunocyto- 
chemical localization of «2S-2 in these cells, the epitope was 
accessible in non-permeabilized cells, orienting it exofacially 
(Fig. 4C, 1st and 2nd columns, upper panel). Additional intra- 
cellular staining was observed when the cells were permeabi- 
lized (Fig. AC, 1st and 2nd columns, lower panel). When du- 
mutl « 2 was expressed, very little immunostaining was 
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Fig. 3. Analysis of Caena2d2 mutant transcript 1 expression in 
P21 +/+ and du/du cerebellum. In situ hybridization of +/+ and 
du/du sections with 5' Cacna2d2 antisense (A/S) RNA probes designed 
to detect du mutant transcript 1 in du/du mice. This probe will also 
detect wild-type transcripts. Analyses were carried out on +/+ (A) and 
du/du sections (B). The arrows in A indicate the presence of a signal 
from smaller cell bodies, possibly Bergmann glial cells. No signal was 
detected on hybridization of control sense RNA to +/+ sections (C and 
D). ML, molecular layer; PCL, Purkinje cell layer; GCL, granule cell 
layer. Scale bar, 100 pm. 

observed in non-permeabilized cells (Fig. AC, 3rd column, up- 
per panel), although a large number of cells were present in the 
field (Fig. AC, 4th column, upper panel), whereas intense intra- 
cellular immunostaining, localized to intracellular organelles, 
was observed when the cells were permeabilized (Fig. AC, 3rd 
and 4th columns, lower panel). The lack of staining with the 
anti-GFP antibody in non-permeabilized GFP-positive cells 
provides further evidence that the plasma membrane of the 
cells has not been permeabilized by fixation (Fig. AD). 

The predicted protein molecular mass of the entire du-mutl 
a 2 -truncated protein is 16 kDa, which is larger than the -10- 
kDa band observed here. We therefore utilized another anti- 
peptide antibody, generated against the epitope represented by 
amino acids 16-29, which is within the predicted signal se- 
quence of a26-2, to further examine the processing of the du- 
mutl a 2 protein. When du-mutl a 2 was expressed in COS-7 
cells, Ab(16-29) recognized a 16-kDa band in lysates of these 
cells (Fig. 5A, lane 1). No smaller molecular weight bands were 
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Fig. 4. Specificity of Ab(102-117) and localization of «28-2 and 
dtt-mutl «a in COS-7 cells. A, schematic representation of «2S-2 
protein to show location of the Ab(102-117) binding site in relation to 
n* o G aw ° n 3 ' 5 ' immunoblots to show the specificity of the anti-a 
25-2 Ab(102-117) } using lysates (20 fig of protein) from COS-7 cells 
overexpressmg a 28-2 {lane 1, 150 kDa) or a28-l as a control (lane 2) on 
4 ", 12 < fn| rad ! e l t SDS ' PAGE g^s, and <fu-mutl « 2 (W 3, -10 kDa) on 
a 4-20% gel The positions of the molecular mass markers are shown 
next to the blots. C, COS-7 cells transfected with cDNAs for GFP and 
a25-2 (1st a.nd2nd columns) or cto-mutl c^, (3rd and 4th columns) Cells 
™ e ™ er not Permeabilized (upper row) or permeabilized with Triton 
7 } °i £ T? r0 , wY Immunostai n»ng with Ab(102-117) is shown in the 
1st and 3rd columns, and DAPI fluorescence to identify cell nuclei is 
shown m2nd and 4th columns. For clarity, the GFP fluorescence is not 
shown. D, COS-7 cells transfected with cDNA for GFP alone. Cells were 
either not permeabilized (upper row) or permeabilized with Triton 
X-100 (lower row). GFP transfection was used as a control to show lack 
of immunostaming with anti-GFP Ab (left column) of this intracellular 
antigen in non-permeabilized cells. GFP fluorescence is shown in the 
right column. Scale bar (40 fim) applies to all sections. 

observed on this gel (but see Fig. 7). This suggested that the 
signal sequence of du-mutl a 2 is at least partly uncleaved 
when it is expressed in COS-7 cells. Ab(16-29) also recognized 
a well defined 120-kDa protein when full-length a28-2 was 
expressed (Fig. 5A, lane 2) and no bands when «2o-l was 
expressed as a control (Fig. 5A, lane 3). This 120-kDa protein is 
likely to represent an immature form of «2o-2 before cleavage 
of the signal sequence, which normally precedes glycosylate. 
The protein molecular mass of the a 2 moiety including the 
6-kDa signal sequence is calculated to be 113 kDa Unlike 
Ab(102-117), Ab(16-29) did not recognize a band of 150 kDa 
indicating that, as expected, the signal sequence is cleaved 
from the mature glycosylated form of a2S-2. 

We then examined the immunolocalization of du-mutl a in 
COS-7 cells, using Ab{16-29). Immunostainingfor this epitope 
was not observed at the plasma membrane in non-permeabi- 
hzed cells expressing <*2o-2, indicating that the signal sequence 
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Fig. 5. Specificity of Ab(16-29). A, immunoblots to show the spec- 
lhcity of Ab(16-29), using lysates (20 ^g of protein) from COS-7 cells 
overexpressing^-mutl a 2 (lane 1, 16 kDa) on a 15% SDS-PAGB *rel or 
a2S-2 \(lane 2, 120 kDa), or «2S-1 as a control (lane 3) on 4-12% gradient 
gels. The positions of the molecular mass markers are shown next to the 
nS?; V ™™ n08ta ining using Ab(16-29) in COS-7 cells transfected 
cDNA for full-length <*28~2 (left panel) or^-mutl a 2 (rightpanel) Cells 
were either not permeabilized (upper row) or permeabilized with Triton 
X-100 (lower row), as described under "Experimental Procedures." Scale 
bars, 10 /im. 



is cleaved before insertion of «25-2 into the plasma membrane. 
Furthermore, this epitope was also generally not observed on 
the exofacial side of the plasma membrane when cfo-mutl « 2 
was expressed (Fig. 5B, non-permeabilized cells). Diffuse intra- 
cellular staining was observed when the cells were permeabi- 
lized, for both «2S-2- and dw-mutl a 2 -expressing cells (Fig. 5B). 

Immunopurification ofdu-mutl a 2 from duldu Cerebellum— 
The use of an Ab(102-117) immunoaffinity column allowed the 
isolation of a low abundance protein of -10 kDa from duldu 
cerebellum (Fig. 6A, lane 1\ which was detected using the same 
antibody. This protein is very similar in molecular weight to 
the du-mutl a 2 protein isolated in the same way from lysates of 
COS-7 cells expressing du-mutl a 2 (Fig. 6A, lane 2). If a protein 
product were produced from du mutant transcript 2 (Gen- 
Bank accession number AF247141) in duldu cerebellum 
(12), its predicted molecular mass would be -100 kDa. This 
would also be recognized by Ab(102-117), but no higher molec- 
ular weight immunoreactive bands were observed from 4 to 
20% gradient gels of proteins isolated from duldu cerebellum 
(data not shown, n = 2). A broad band of protein of -150 kDa, 
representing the « 2 moiety of a26-2, was isolated from +/+ 
cerebellum using the same immunoaffinity column and de- 
tected using the same antibody (Fig. 6B, lane 2). This protein 
was the same molecular weight as that isolated by the same 
antibody from COS-7 cells transfected with «2o-2, with the 
broad band probably representing different glycosylation states 
(Fig. 6B, lane 2). 

By using an Ab(16-29) immunoaffinity column, a protein of 
-16 kDa was isolated from duldu cerebellum (Fig. 6C, lane 7). 
This protein is very similar in molecular weight to the du-mutl 
<*2 protein isolated in the same way from COS-7 cells expressing 
du-mutl a 2 (Fig. 6C, lane 2\ Furthermore, a protein of about 120 
kDa was isolated from +/+ cerebellum using the same immuno- 
affinity column (Fig. 6D, lane 2). This protein was the same 
molecular weight as that isolated by the same antibody from 
COS-7 cells transfected with a2o-2 (Fig. 6D, lane 2). 

The basis for the difference in molecular weight between the 
du-mutl a 2 species recognized by the two antibodies was fur- 
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Pig. 6. Immunopurification of dw-mutl from datfw cerebel- 
lum and the a z moiety of full-length a26-2 from +/+ cerebellum. 

Imraunoblot analysis of a2S-2 proteins were immunocaptured from 
detergent-solubilized du/du or + / 4- cerebellar membranes using col- 
umn-immobilized peptide antibodies. Samples were separated on either 
4-20% gradient gels (A and B), a 20% gel (C), or on a 7.5% gel (D). 
Arrows indicate the major protein bands detected. A and C, proteins 
from du/du cerebella (lane 1) or from COS-7 cells expressing cfo-mutl 
a 2 (lane 2) isolated using Ab(102-1 17) and Ab(16-29), respectively. The 
respective apparent molecular mass values are -10 and 16 kDa. B and 
D, proteins from + / + cerebella (lane 1) or from COS-7 cells expressing 
full-length a2S-2 (lane 2) isolated with Ab( 102-1 17) and Ab(16-29), 
respectively. The respective apparent molecular mass values are 150 
and 120 kDa. 
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Fig. 7. Processing of tfw-mutl « 2 . A, immunoblot analysis of du- 
mutl a 2 and fragments derived from cleavage of the signal peptide. 
Lysate (80 fig of protein) of COS-7 cells expressing dw-mutl a 2 was 
separated on a 10-20% gradient gel and probed with Ab(16-29) (lane 1) 
or Ab(102-117) (lane 2). A 16-kDa band is detected with both antibod- 
ies. Ab(16-29) also recognizes a band of 6 kDa, and Ab(102-117) rec- 
ognizes a major band of -10 kDa. B, amino acid sequence of du-mutl 
a 2 . The respective binding sites for Ab( 16-29) and Ab( 102-1 17) are 
shown in bold. The entire signal leader sequence is underlined with its 
predicted cleavage site marked by an arrow (40). C shows the calculated 
molecular mass values for ofa-mutl a 2 (16 kDa) and the two proteolytic 
fragments as follows: du-mutl following cleavage of the signal se- 
quence (solid line, -10 kDa) and the cleaved signal sequence (dotted 
line, -6 kDa). 



ther examined by PAGE of a larger amount (80 /ug of protein) 
of COS-7 cell lysate expressing dw-mutl a 2 , on a high percent 
gradient gel, followed by immunoblotting (Fig. 7A). A 16-kDa 
band was recognized by both antibodies, but the predominant 
band recognized by Ab(102-117) was -10 kDa. This was not 
recognized by Ab(16-29), which recognized an additional 
6-kDa band. The amino acid sequence of du-mutl a 2 is shown 
in Fig. 7B, with the antibody recognition sites (boldface letters) 
and the predicted site of cleavage of the signal sequence (ar- 
row). The predicted sizes of the peptides obtained before and 
after cleavage are 16 kDa for full-length cta-mutl a 2 , 10 kDa for 
du-mutl a 2 following cleavage of the signal sequence, and 6 
kDa for the cleaved signal sequence (Fig. 7C), in agreement 
with the experimental results. 

The immunolocalization of «2S-2 in the cerebellum was subse- 
quently examined using Ab(102-117). This antibody gave a pat- 
tern of immunostaining in the Purkinje cell layer (PCL) and 
molecular layer (ML) in sections of +/+ cerebellum, consistent 
with localization of c*2S-2 in PC bodies and dendrites (Fig. 8A, left 
panel). The staining was lost when the primary antibody was 
preincubated with the immunizing peptide or when the primary 
antibody was not used (Fig. 8A). In cerebellar sections from 
du/du mice, Ab(102-117) gave a low level of immunostaining 
(Fig. 8A, right panel), consistent with the presence of du-mutl a 2 
in du/du PCs. There was also some evidence for staining of 
Bergmann glia (Fig. 8A, right panel marked with *). We also used 
Ab(16-29) to determine where the uncleaved form of du-mutl a 2 
was expressed endogenously in du/du cerebellar sections. A low 
level of immunostaining was observed with this antibody in +/+ 
PCs, consistent with the presence of the immature 120-kDa form 
of «2S-2, with the signal peptide still present, which is likely to be 
localized to the endoplasmic reticulum (Fig. 8B, left panel). Fur- 



ther evidence was obtained here for staining of Bergmann glia 
(Fig. 8B, left panel, *). In du/du cerebellum, we observed that 
immunostaining with this antibody was concentrated largely in 
the cell bodies of PCs (Fig. SB, right panel). This is likely to 
represent the 16-kDa uncleaved du-mutl a 2 species. The immu- 
nostaining was lost when the antibody was preincubated with 
the immunizing peptide (Fig. 85). No differences were observed 
between +/+ and du/du PCs when Bergmann glia were visual- 
ized using an anti-glial fibrillary acidic protein antibody (results 
not shown). 

Modulation of Ca^2.1 Ca 2+ Channel Currents by a28-2 and 
du-mutl a 2 — The possible pathological function of the du-mutl 
a 2 protein encoded by the Cacna2d2 du gene was investigated 
using in vitro expression and electrophysiology. To mimic the 
PC complement of calcium channel subunits, the cDNAs corre- 
sponding to rat Ca v 2.1 and j3 4 were transfected into COS-7 
cells, with or without a2S-2 or du-mutl a 2 cDNA, and the 
resulting Ca v currents (7 Ba ) recorded. Co-expression of «2S-2 
increased Ca v 2.1/0 4 7 Ba currents, inducing a 2.9-fold enhance- 
ment of amplitude at 0 mV (Fig. 9A, and I-V relationships in 
Fig. 9B), with no significant shift in the voltage dependence of 
current activation (V 50 for activation was -8.7 ± 0.7 mV (n = 
28) for Ca v 2.1/£ 4 and -10.7 ± 0.8 mV (n = 42) for Ca v 2.1/0 4 / 
«2&-2). There was no significant effect of «2S-2 on the activa- 
tion or inactivation of the Ca v 2.1/0 4 combination (Fig. 9A and 
results not shown). 

In contrast, co-expression of du-mutl a 2 induced a consistent 
reduction in Ca v 2.1/j3 4 J Ba amplitude throughout the voltage 
range (Fig. 9, C and D). This amounted to a 51% inhibition at 
0 mV (Fig. 9E) and also resulted in a +5-mV shift in V B0 for 
activation to -3.5 ± 1.1 mV (n = 12, p < 0.01 compared with 
Ca v 2.1/0 4 ). The mean current densities at 0 mV under the two 
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Fig. 8. Immun oh is to chemistry in +/+ and rfutfu cerebellum. A, 

Ab( 102-1 17) detected the presence of a2S-2 and {£u>mutl a 2 protein in 
+/+ and du/du sections, respectively. The affinity of the antibody for 
<*25-2 and cfo-mutl a 2 may be different; therefore, relative intensities 
cannot be compared directly. Results are representative of four exper- 
iments. B, Ab(16-29) detected the presence of immature <*2S-2 in a +/+ 
cerebellar section {left) and du-mutl a 2 protein in a du/du cerebellar 
section (right). Representative of three experiments. In both (A and B) 
the calibration bar is 30 /an. ML, molecular layer; PCL, Purkinje cell 
layer; GCL, granule cell layer. The label + peptide indicates that the 
primary antibody was preincubated with the immunizing peptide be- 
fore application to the section. The * indicates examples of the presence 
of immunoreactivity in a smaller cell body and process, possibly a 
Bergmann glial cell. 

different conditions are compared in Fig. 9E. Similar results 
were obtained when these calcium channel subunits, in this 
case including rabbit Ca v 2.1, were expressed in Xenopus oo- 
cytes (see Ref. 12 and data not shown). 

Effect of a28-2 and du-mutl a 2 on Single Ca 2+ Channel 
Currents Formed by Ca v 2J— We compared single channel pa- 
rameters between cell-attached patches of COS-7 cells trans- 
fected with Ca v 2.1/i3 4 cDNA, either without a2S-2 (Fig. 1QA) or 
co-expressed with either full-length a2S-2 (Fig. 105) or the 
du-mutl a 2 (Fig. 10C). These experiments were performed in 
order to differentiate between a mechanism that involves 
changing the biophysical properties of Ca v 2.1 channels and a 
mechanism that involves changing the trafficking or mem- 
brane expression levels of the Ca v 2.1 channels, imposed by 
either a25-2 or du-mutl a 2 > 

Once opened, Ca v 2.1 channels showed an average single 
channel conductance of 9.9 ± 0.4 pS (n = 8) for Ca v 2.1/j3 4 , 
which was not significantly affected by co-expression of «28-2 
(10.2 ± 0.6 pS, n = 8) or du-mutl a 2 (8.8 ± 1.0 pS, n - 6) (Fig. 
10D, left). This conductance is similar to that of P-type chan- 
nels recorded from wild-type and du/du PCs under the same 
conditions (12). More detailed analysis demonstrated openings 
to three distinct amplitude levels, as has also been shown in 
native Purkinje cells (28), level 2 being the most prominent in 
our recordings (Fig. 10D, middle and right, see legend for 
conductance and amplitude values). Neither the conductance 
nor the amplitude of the three current levels was significantly 
affected by expression of a2S-2 or du-mutl a 2 (data not shown). 

Neither a2S-2 nor du-mutl a 2 caused any significant change 
in mean open or closed times or in the pattern of voltage 
dependence of Ca v 2.1 channels (Fig. 10i£). We also examined 
the activation kinetics by measuring the latency to first open- 
ing of the channels in response to a square voltage pulse (Fig. 
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Pig. 9. Enhancement of Ca v 2.1//3 4 currents by a2S-2 and inhi- 
bition by du-mutl a 2 . A, examples of Z Ba recorded from COS-7 cells 
transfected with Ca v 2.1//3 4 /a26-2 or Ca v 2.1/0 4 . The holding potential 
was -80 mV, and steps were to between -40 and +65 mV in 5-mV 
steps, delivered every 15 s. The charge carrier was 5 mM Ba 2+ . The scale 
bars represent 10 pA pF 1 and 10 ms. B, I-V relationships for Ca v 2.1/0 4 
(O, n - 28) and Ca v 2.1//3 4 /ct28-2 (■, n - 42) peak 7 Ba density in COS 7 
cells. C, examples of the maximum 7 Ba recorded at 0 mV from COS-7 
cells transfected with Ca v 2.1//3 4 , Ca v 2.1/0 4 /c*25-2, or Ca v 2.1/^ 4 /du-mutl 
a 2 , as in A. Co-expression of a2S-2 induced a large enhancement of 
Ca v 2.1//3 4 l Qa , whereas du-mutl induced a reduction of Cav2.1/^ 4 I Ba . 
D, mean I-V relationships for Ca v 2.1/j3 4 (O) and Ca v 2.1/0 4/dw-mutl 
(A) peak 7 Ba density in COS-7 cells, fitted with a combined Boltzmann 
and linear function, as described under "Experimental Procedures." E, 
histogram of mean data, for the transfection conditions shown below the 
bars, from COS-7 cells. Ca v 2.1//3 4 (open bar, n = 13, controls for Ca v 2.1/ 
£ 4 /a28-2 transfections); Ca v 2.1/0 4 /a28-2 {black bar, n = 42); Ca v 2.1/0 4 
(open hatched bar, n = 15, performed in parallel with Cd^.V^Jdu- 
mutl a 2 transfections) or Ca v 2.1//3 4 /cfo-mutl a 2 (black hatched bar y n = 
12). Statistical significance of differences indicated given by asterisks: 
** p < 0.001; *,p < 0.05 (Student's independent two tailed t test). 

10F). Ca v 2.1 channel activation was not influenced by the 
subunits examined (Fig. 101? left), at any voltage (Fig. 10F, 
right). In addition, the voltage dependence of inactivation (Fig. 
10G) was not influenced by either «2S-2 or du-mutl a 2 . 

Although the presence of a2S-2 caused an ~3-fold increase in 
whole cell current amplitude, all the single channel parameters 
were indistinguishable between the three conditions. This im- 
plies that the basic active unit in the whole cell current (an 
individual channel) remains unchanged, and the modulation by 
«2&-2 must involve an alteration in the number of active chan- 
nels in the membrane. 

DISCUSSION 

PCs from dufdu Mice Have a Reduced Dendritic Arbor — PC 
somata form a monolayer by 10 days postnatally in the mouse, 
and their dendrites reach the pial surface at day 20, coinciding 
with the completion of granule cell migration and concomitant 
parallel fiber production (29). The PC soma typically exhibits 
one primary dendrite, which emerges apically, and one axonal 
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Fig. 10. Comparison between the effect of «2S-2 or dw-mutl a* on single channel parameters of Ca v 2.1. A, single channel activity 
(maximum of two simultaneous overlapping openings) of Ca v 2.1//3 4 without the <*2S-2 auxiliary subunit. Top, the voltage protocol: holding potential 
-100 mV A 2-s-long pulse, here to +30 mV, delivered every 10 s. Bottom, 5 representative traces of single channel activity. Openings are 
downward deflections, and a continuous line marks both the closed and open states, in traces with overlapping openings an additional dashed line 
marks the second level B, single channel activity (maximum of two simultaneous overlapping openings) arising from Ca v 2.1/j3 4 co-expressed with 
the a25 Q 2 auxiliary subunit Format as in A. C, single channel activity (maximum of two simultaneous overlapping openings) arising from 
Ca v 2.1/0 4 co-expressed with the dii-mutl « 2 . Format as in A. D, left, average single channel conductance for the 3 conditions depicted in A-C (O 
V. i t ~ i n ~ . ' res P ectlvel y- Conductance was determined by linear fits to the data shown. See text for mean fit values. Middle, examples 
of single channel activity at +30 mV for Ca v 2. l/0 4 where more than one amplitude level was observed. Continuous lines mark the three amplitude 
levels, depicted by: ■ level 1; • level 2; A, level 3 on right. Right, single channel I-V plot to show the distinct conductances for data such as that 
shown The single channel conductances for the three levels are 8.2 ± 1.2, 12.1 ± 1.05, and 16.2 ± 0.46 pS (n = 6), and the corresponding 
amplitudes at +30 mV are -0.43 ± 0 027, -0.63 ± 0.038, and -0.69 ± 0.033 P A. E, mean open (left) and closed (right) times were similar at all 
voltages examined, for the three conditions, respectively (O, a = 8; D, * = 8; A, n = 6). F, FL probability histogram, for the three conditions, 
respectively (O, n - 8; □, n = 8; A, n = 5). Left, mean (± S.E., shown every 10 ms for clarity) cumulative FL probability distributions at +30 mV, 
and right, FL probability at 20 ms for all voltages examined. G, steady-state inactivation of Ca v 2.1 ensemble currents from single and 
multichannel patches. Left, an example of inactivation experiment. Top, the voltage protocol, holding potential, -100 mV, followed by a 2 s. 
Prepulse (pp) to a potential VJ I between -80 1 and +40 mV, followed by a test pulse to +40 mV for 100 ms. Bottom, average ensemble currents 
(from the data as shown in B with a V pp of +40 mV (left) and test pulse responses to V pp of -80, +10, and +40 mV are superimposed. Right, all 
currents were normalized to the peak prepulse current at +40 mV and the ratio plotted as a function of V . Data of the type shown in (A-O, 
respectively (O, n = 11; □, n = 11; A, n - 4). pp 



process projecting in the opposite direction. The PC dendritic 
trees develop most dramatically between postnatal day 9 and 
20, reaching 80% of their adult dimension in this period (30). 
PCs from duldu mice appear immature, reduced both in size 
and complexity, with multiple primary dendrites and small 
arbors that often terminate well below the pial surface. Thick- 
ened secondary and tertiary dendritic trunks are also present. 
The multipolar appearance of some of the duldu PCs may be a 
remnant of their immature stage (in which the normal resorp- 
tion of all somatic filopodia fails to occur), with some of these 



processes continuing to develop into dendrites as found in 
weaver and staggerer mouse mutants (31). 

Thus, although we have shown that PCs are not lost in duldu 
cerebella at P21 (12), we now find that the PC dendritic tree is 
reduced in size and shows other abnormalities, such as weep- 
ing willow dendrites and dendritic thickening. Similar abnor- 
malities have been found in a number of the spontaneously 
occurring Ca v 2.1 mouse mutants (8), and some of these (in 
particular tg a ) also show PC loss in older mice (32). The mech- 
anism of the altered PC morphology in duldu mice may result 
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either from the reduced PC calcium channel currents, which we 
observed in P5-P9 PCs, before the extensive growth of the 
dendritic arbor (12) or more directly from the loss of a2S-2, with 
the possible additional consequences of expression of a trun- 
cated mutant a 2 protein. A number of the human genetic dis- 
eases involving Ca v 2.1, for example familial hemiplegic mi- 
graine (33), cerebellar ataxia, and PC degeneration are 
associated with mutations that have been shown to produce a 
reduction in Ca v 2.1 calcium currents in vitro (34). However, 
the mechanism whereby such molecular changes are trans- 
lated into morphological and functional abnormalities remains 
to be determined. 

A Truncated Mutant Protein Derived from the 5' Mutant 
Transcript of Cacna2d2 Is Expressed in du Mice — The in situ 
hybridization study demonstrates that although wild-type 
Cacna2d2 transcript is absent from the brain of dufdu mice, 
because of the genomic rearrangement that disrupts Cacna2d2 
(12), a 5' mutant transcript (du mutant transcript 1) is present 
in du/du PCs. This transcript is predicted to encode a protein 
(du-mutl a 2 ) that lacks most of the a 2 subunit and the whole of 
the 8 subunit, including its transmembrane domain. It is fre- 
quently the case that mRNA encoding mutant transcripts, 
where a frameshift or point mutation introduces one or more 
premature stop or nonsense codons, is unstable and subject to 
nonsense-mediated mRNA decay (35). Indeed, although a sec- 
ond mutant transcript 2, predicted to be formed from exons 
2-39, was identified by reverse transcriptase-PCR and North- 
ern blot in du/du mouse brain, it was not observed by in situ 
hybridization in du/du PCs (12). Furthermore, the 5' du mu- 
tant transcript 1 appeared to be present at a low level in du/du 
brain (12). To determine whether this mutant transcript was 
translated, we used two a28-2 anti-peptide antibodies, which 
were raised against peptides within the du-mutl a 2 sequence, 
AW16-29) and Ab(102-117). 

It has been established, from studies with site-directed an- 
tipeptide antibodies, that the topology of the «2fi-l subunit is 
such that the a 2 subunit, which has an N-terminal leader 
signal sequence, is entirely extracellular (36-38). The a 2 sub- 
unit is disulfide-bonded to a transmembrane 8 subunit, and 
both subunits have been found to be involved in the interaction 
with the Ca^l.2 subunit (38, 39). Now that two other a28 
subunit genes have been cloned, it is assumed that they have 
the same topology, and indeed, high homology is present be- 
tween the N termini of «2S-1 and a2S-3, with the clear predic- 
tion of a cleaved signal peptide in both sequences. In contrast, 
although a putative signal peptide is found in a2£-2, it is much 
longer. By using prediction analysis, it is found to have a 
potential cleavage site after position 64 (40) (Fig. 7B) f whereas 
only 2% of eukaryotic signal peptides are longer than 35 resi- 
dues (40). In particular, it has a longer sequence N-terminal to 
the putative hydrophobic signal sequence (~42 amino acids) 
than a26-l or a28-3 (which are ~3 and 11 amino acids, respec- 
tively). Such "n regions" are found to be less than 25 amino 
acids in 80% of secreted or transmembrane proteins where they 
occur (41). Therefore, it remains unclear whether this signal 
sequence is cleaved efficiently, as cleavage is often delayed 
when the signal sequence is long (42). This results in extended 
transit times through the endoplasmic reticulum-Golgi appa- 
ratus, which may be required for highly glycosylated proteins 
(42). Such an explanation is likely to be the reason for our 
observation using Ab( 16-29), of a 120-kDa immunolabeled pro- 
tein when a2S-2 was expressed in COS-7 cells. This is likely to 
represent the a 2 moiety of full-length a25-2 (predicted protein 
molecular mass of 113 kDa), which is immature in that it has 
an uncleaved signal peptide and, judging by the molecular 
weight, no added carbohydrate. 



It appears that in the case of du-mutl « 2 expressed in COS-7 
cells, the truncated protein is processed such that the signal 
sequence remains at least in part uncleaved, because both 
AK16-29) and Ab(102-117) recognized a band of ~16 kDa, the 
predicted size for the uncleaved du-mutl a 2 , and Ab(16-29) 
also recognized a fainter band of about 6 kDa, which would 
represent the cleaved signal peptide. However, the predomi- 
nant band recognized by Ab(102-117) but not Ab(16-29) was a 
~10-kDa protein, which is therefore likely to represent du- 
mutl a 2 with its signal peptide cleaved. This result corre- 
sponded exactly with the molecular weight of the native du- 
mutl a 2 immunocaptured from du/du cerebellum by the same 
antibody, indicating that it is a stable in vivo species in these 
mice. This study also confirmed the previous indication (12) 
that du mutant transcript 2, which would be recognized by 
Ab( 102-1 17), is not translated. A 16-kDa protein was immuno- 
captured by Ab(16-29) from du/du cerebellum, indicating that 
the signal sequence remains, in part, uncleaved from du-mutl 
a 2 . The reason that this species was not also immunocaptured 
by Ab(102-117) may indicate that Ab(102-117) is of lower 
affinity, as also suggested by the data in Fig. 8. 

Immunolocalization of a28-2 and du-mutl <x 2 lYl Cerebel- 
lum — In cerebellar sections, we found, using Ab( 102-117), that 
a26-2 is expressed in wild-type PC somata and also in the ML 
of the cerebellum, suggesting localization in PCs. It is also 
possible that some of the immunostaining arises from cerebel- 
lar afferents or from Bergmann glia, and this will be investi- 
gated in the future. In du/du cerebellum, a low level of immu- 
nostaining was observed with the same antibody. These results 
support the finding that du-mutl a 2 is expressed in du/du 
cerebellum. Immunoreactivity in du/du cerebellar sections was 
also observed using Ab(16-29), where staining, presumably 
representing the uncleaved du-mutl a 2 , was concentrated in 
PC somata. In agreement with the expression study in COS-7 
cells and the immunopurification data from cerebellum, this 
suggests that du-mutl a 2 retains, in part, the putative signal 
sequence at its N terminus and does not appear to be secreted. 
When dii-mutl a 2 was expressed in COS-7 cells both Ab(16- 
29) and Ab( 102-1 17) recognized an epitope that was only ex- 
pressed intracellular^, indicating that du-mutl a 2 is unlikely 
to be secreted or inserted into the plasma membrane as a 
transmembrane protein. 

The Functional Interaction of the Cay2.1/fi 4 Combination 
with a2S-2— -The similarity of the ducky phenotype to that 
observed in mice with mutations in genes encoding the Ca v 2.1 
(7) and /3 4 (9) subunits and their predominant PC expression 
pattern suggests that c*2S-2 contributes to the P-type current. 
This is reinforced by our finding that the currents formed by 
both rat and rabbit Ca v 2.1 co-expressed with 0 4 , which is the 
main PC /3 subunit, were strongly enhanced by a2S-2, in two 
expression systems (COS-7 cells and Xenopus oocytes). 

Previous in vitro studies have shown that «28-l, a28-2, and 
«2&-3 subunits act to increase the maximum conductance of a 
number of expressed calcium channel subunit combina- 
tions at the whole cell level (2, 43-46). However, this may be 
dependent to some extent on the specific combination of ol x and 
0 subunits expressed. Furthermore, the effects of <x28 subunits 
on kinetics and voltage dependence of activation are more 
minor (2, 44). We have also investigated this for the calcium 
channel subunit combinations used in the present study, and 
we show that a25-2 had no influence on voltage-dependent 
properties and had no effect on single channel conductance or 
other biophysical parameters of the Ca v 2.1//3 4 channels them- 
selves. This implies that a28-2 probably has its main effect on 
the lifetime of the channel complex in the plasma membrane, 
either by enhancing trafficking or reducing turnover. In agree- 
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ment with this proposed mechanism, it has previously been 
found that «2&-l increased the amount of Ca v 1.2 protein ex- 
pressed in Xenopus oocytes (47). 

In contrast, the protein product of du mutant transcript 1, 
du-mutl a 2 , produced a consistent reduction in Ca v 2.1/j3 4 cur- 
rents in COS-7 cells. Thus, whereas loss of full-length a 28-2 is 
likely to be the most important contributing factor, the expres- 
sion of the truncated du-mutl a 2 may also contribute to the 
duldu phenotype, via an additional suppressive effect, possibly 
by interfering with the correct trafficking of a x subunits. 
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THE USE OF TRANSGENIC ANIMAL TECHNIQUES FOR LIVESTOCK IMPROVEMENT 
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INTRODUCTION 

Breeding of livestock has always been characterized by se- 
L ecti ? n of spontaneously occurring mutations which could be ob- 
-served*- Irv -the phwrofegp^^tti* - ttajr^ sMiife., • This/' ^^M^-fe acltef&fce*- 
even though the genetic and molecular mechanisms underlying those 
phenotypes were not understood. Depending on the generation in- 
tervals of the species involved, years to centuries were required 
to establish certain breeds in livestock fulfilling the needs of 
man. Still the ideal farm animals have not been found. As higher 
meat, egg or milk yields are obtained, higher susceptibilities to- 
wards environmental influences such as climate or food changes or 
stress are observed and disease resistance declines, especially 
when animals are kept in large numbers under industrial production 
conditions. Since the first successful gene transfer experiments 
into the germ line of mammals, namely mice, were reported in 1980 
and 1981, many attempts have been made to use gene transfer tech- 
niques in livestock in order to improve the overall quality and 
productivity of farm animals. 

Transgenic mice exhibiting the desired expression of the 
newly Introduced gene and therefore showing an altered phenotype 
can now be produced routinely with different gene transfer tech- 
niques. Such mice are used in molecular biology research serving 
as genetically transformed, in vivo, models elucidating different 
kinds of scientific problems. In contrast, only little progress 
has been made in recent years in producing transgenic mammals of 
other species. The major drawbacks are inadequate regulation of 
expression of the foreign genes and therefore the desired pheno- 
typical improvement has not been obtained so far. 

In this chapter we will describe briefly the basic techniques 
involved and summarize the results which have been obtained until 
now, in respect to the production of transgenic mice and livestock 
in particular. The difficulties encountered in the application of 
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gene transfer techniques, which have been successfully used in 
mice, to farm animals, are discussed and their future implications 
for animal breeding are outlined* 



PRODUCTION OF TRANSGENIC MICE 

The term "transgenic" was introduced originally by Gordon and 
Ruddle (1) for mice which had integrated a foreign gene into all 
somatic tissues examined. This had been achieved by injecting 
these genes into the pronuclei of fertilized mouse ova. Since it 
became evident later (la) that the offspring of these mice can in- 
herit the foreign genes in a Mendelian fashion, the word trans- 
genic is now commonly used to refer to a stable germline integra- 
tion of foreign genes. At present three different approaches have 
been reported which succeed in the establishment of transgenic 
mouse lines. These methods include pronuclear injection of DNA, 
infection of embryonal stages with recombinant v* ral vectors and 
the production of germline chimeras which consist partially of to- 
tipotent, genetically transformed, cell lines. 



Pronuclear Injection 

Several groups (la-4) established this method of gene trans- 
fer simultaneously showing that by using this technique integra- 
tion of the introduced foreign gene into all somatic and also 
into the germ cells of the developing animal can be achieved. In 
order to achieve optimal results, approximately 1 pi of a DNA su- 
spension containing 200 to 2000 linearized copies of the foreign 
gene is injected into either pronucleus of fertilized mouse eggs 
(5). After overnight cultivation cleaved eggs (50% to 75%) are 
transferred to the oviducts of foster mothers. Of these 10% to 25% 
usually develop to terra and about 15% to 37% of the young bom in- 
herit the injected genes, which leads to an overall efficiency 
rate of 1% to 4% based on the total number of zygotes manipulated. 

Provided the introduced genes are integrated into the genomic 
DNA before the zygote enters cleavage, all embryonal cells will 
contain the same integration site and copy number of the foreign 
gene. Integration after the first cleavage will give rise to chim- 
eric animals, which consist .of at least two genetically different 
cell populations. According to Wilkie et al. (6) the latter seems 
to be true in at least 30% of the mice born after microinjection 
of DNA. 
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Infection of Embryos by Viral Vectors 



Infection of blastocysts by SV40 (7) was the first evidence 
that foreign genes could be integrated into the genome of embryo- 
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nal cells and lead to their stable integration into somatic 
tissue. Jaenisch (8) also observed that the M-MuLV provirus was 
not only retained by somatic cells after embryonal infection but 
was also transmitted to the offspring of the resulting mature 
mice. 

Viral infection of the preiraplantation embryo is naturally 
prevented by the existence of the zona pellucida. This barrier can 
be overcome by either enzymatic digestion of the zona, so that 
two-cell to morula stages can be infected (9,10) or direct micro- 
injection of virus particles into the blastocoele cavity (7). This 
procedure has been used successfully to introduce proviruses into 
the germline of mice. However, the resulting embryos generally are 
mosaic, as different integration events can take place in a vari- 
able number of embryonal cells (11). 

To transfer foreign genes into the gerraline of mice, recom- 
binant retroviral vectors can be used which contain the gene of 
interest. Since recombinant retroviruses generally are replication 
1 - .. ompetent , they require the presence of helper virus for propa- 
gation. Stuhlmann et al . (12) have thus infected day-nine mouse 
fetuses with recombinant and helper virus simultaneously and ob- 
served subsequent integration and expression in the resulting 
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Figure 1. Pronuclear injection of DNA. 
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Figure 2, Infection of embryos with viral vectors. 



offspring. However > their results suggested that the superinfec- 
tion with helper virus in these mice had interfered with the 
spread of the recombinant virus and therefore limited the number 
of transformed somatic cells. 

As separation of recombinant and helper virus yet cannot be 
achieved, an alternative propagation method using psi-2 cells (13) 
can be chosen if vireraia from the helper virus is to be avoided 
in the resulting animals* Psi-2 cell lines have incorporated a 
retroviral genome which cannot be packaged into virus particles 
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itself because of a mutation in its psi region, but it delivers 
all the information needed for the propagation of recombinant 
virus with an intact psi region to the cell. Consequently, the 
yield of recombinant virus will be lower in these cell lines, but 
is not accompanied by the production of helper virus. 

Van der Putten et al. (14) and Rubenstein et al. (10) have 
infected pre-implant ation mouse embryos with recombinant replica- 
tion-incompetent retrovirus without the use of helper virus. 197 
denuded 8-cell stages cultivated over psi-2 monolayers for 16 
hours and subsequently transferred to foster mothers gave rise to 
one animal which had incorporated the recombinant provirus includ- 
ing the foreign gene and transmitted it to its offspring (14). 
Rubenstein et al . (10) co-cultivated 278 4-cell-stage mouse embry- 
os over psi-2 cells and obtained 76 (30%) live fetuses after 
transfer, of which one contained the recombinant provirus. 



Produc .ion of Germline Chimeras 

Chimeras can be produced either by aggregating two embryos or 
by injecting embryonal cells into expanded blastocysts, a proced- 
ure that results in the formation of individuals which consist of 
two- or- more gen^Eieaily different ceil lines (15), When totipotent 
embryonal cell lines, which can be grown in culture for many gen- 
erations, are genetically transformed before being used for chim- 
era formation, this technique offers another route of producing 
transgenic animals, provided that the transformed cells will par- 
ticipate in the formation of germ cells. 

The first embryonal cell line used for this purpose consisted 
of murine embryonal teratocarcinoma (EC-) cells (16), However, 
these cells appeared to have the disadvantage of showing a tend- 
ency to lose their euploidy during in vitro cultivation and 
therefore lose their totipotency, especially to contribute to the 
germline. Also the development of abnormal fetuses was observed in 
EC-cell derived chimeras (17). More stable results can be obtained 
with embryonal stem ES-cells (18), which can be isolated from in 
vitro attached mouse blastocysts and grown in culture for many 
passages. Afte~ microinjection of ES-cells into expanded mouse 
blastocysts, Bradley et al. (19) obtained an average birth rate 
of 70%; about 50% of the young born proved to be chimeric, of 
which 20% also showed germline chimerism. Stewart et al . (20) ag- 
gregated 8-cell~stage mouse embryos with ES-cells and received 
birth rates of 36%, 20% of the pups being chimeric. The successful 
use of genetically transformed ES-cells (20,21) led to the expres- 
sion of the transferred genes within somatic tissues of the 
chimeric animals. Robertson et al. (21) injected 10 to 12 ES- 
cells, which had been repeatedly exposed to psi-2 cells for trans- 
fection, and selected for transformation, into expanded mouse 
blastocysts. Out of 21 mice born after transfer 20 proved to be 
chimeric, of which two were reported to have transgenic o ffs pring . 
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Figure 3. Production of chimeras with transformed totipotent 
cells . 
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According to Evans (22) 20% to 30% germline chimerism can be 
achieved by this method. 

A very critical step in this approach of producing transgenic 
animals is the successful transformation of the ES-cells. There 
are several methods of introducing foreign genes into the genomes 
of these cells with variable degrees of efficiency and technical 
equipment and skill required. The calcium-phosphate-precipitation 
method, which is comparatively simple, yields only very few trans- 
forraants (frequency 10~^ to 10~7), but can be used if large num- 
bers of totipotent cells are available (23,24,24a). 

One alternative method of transforming EC- or ES-cells more 
efficiently is the use of recombinant retroviruses (20,21,25). 
Rubenstein et al . (25) infected EC-cells with psi-2 cell propagat- 
ed recombinant retrovirus and demonstrated that 1 of 250 EC-cells 
had incorporated the retrovirus without any further multiplication 
of the virus in these cells. The efficiency of this retrovirus- 
mediated transformation rrathod can be further increased depending 
on the infectivity and the titer of the recombinant virus as well 
as on the time of exposure (21). 

If retroviral infection cannot be established for some 
reason, microinjection of DNA into the nuclei of totipotent embry-. 
onal cells offers .a third mosr effective but cuu.betsome method of 
gene transfer with a frequency of 10"* 2 to i (24). 



Genomic Integration of Foreign DNA in Transgenic Mice 

The integration of foreign DNA introduced physically into the 
mammalian genome is up to now not clearly understood and appears 
to be an entirely random process. Experiments with mammalian cell 
lines have shown that after DNA transf ect ions (calcium phosphate 
precipitates), transgenomes can be found within the nucleus, i.e., 
high molecular weight structures containing DNA, which are not as- 
sociated with chromosomes (26). The stability of the genetic 
transformation process depends on its subsequent chromosomal in- 
tegration during the following cell cycles (27). A number of ob- 
servations (23,28-31) have shown clearly that foreign DNA, once 
within the nucleus, undergoes rather complex biochemical process- 
ing including ligation and recombination reactions. The importance 
of nuclear enzymes for the integration of foreign DNA into the 
genome has also been indicated by the experiments of Giulotto and 
Israel (32), who found that the transformation efficiency in 
synchronized mammalian cells was significantly higher when the ex- 
periments were performed during the early S-phase of the cell 
cycle. 

In DNA-mediated gene transfer experiments with somatic mam- 
malian cells, as well as after microinjection of foreign DNA into 
nuclei or pronuclei, the same integration pattern can be found. 
This pattern consists of only a single, rarely, two (33,34), inte- 
gration sites per cell and the integration of one to 400 copies 
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(35) per site in a concatamer structure, i.e., a head-to-tail 
arrangement of the foreign gene copies. 

Smithies et al. (36) have shown that homologous recombination 
can be used to target the integration site of foreign genes into 
endogenous gene loci of somatic mammalian cells. Until now homo- 
logous recombination of foreign DNA with endogenous genes has not 
been reported in transgenic mice. It may well be that this is due 
to the very low frequency of such events (10-9 in somatic cells), 
which makes it rather improbable to occur in only a few thousand 
microinjection experiments. 

Usually intact gene copies are found to be integrated into 
the genomes of transgenic mice showing the expected restriction 
patterns in a Southern blot (1). It has been reported (1,3,37-44) 
that occasionally partially deleted or recombined foreign genes 
were integrated into some transgenic mice. Moreover, in establish- 
ed transgenic mouse lines instability of the transgenes is some- 
times observed. This is expressed either in a reduction of the 
number of integrated exogenous gene copies (45) which Gordon (35) 
explains by their possible recombination and subsequent excision 
from the chromosomal structure, or in a change of their restric- 
tion patterns (47,48). The latter can be found within different 
generations (40,48) or even in ontogenetic development (47), indi- 
cating that structural alterations of the integrated foreign genes 
eaiv occur during -xeput cation -aw? miVMtm ~ ' 

Recent reports (44,49) suggest that alterations of the for- 
eign genes introduced into the genomes are generated by extensive 
rearrangements of endogenous sequences flanking the integration 
sites. Tarantul et al. (44) hypothesized that repeated endogenous 
sequences, which are often associated with genome rearrangements, 
may be involved in the integration process of foreign DNA. 

The biological gene delivery system by retroviral vectors 
differs from the physical procedures, since the virus itself in- 
duces mechanisms which lead to the integration of a biologically 
functioning provirus. It is important to emphasize that therefore 
this system also has its limitations, as these biological mecha- 
nisms regulating the expression of proviral genes may well inter- 
fere with the expression of the enclosed foreign gene and its 
regulation. This will be discussed later. 

Foreign genes enclosed within a retroviral vector integrate 
as a single copy per integration site (8,9). Depending on the in- 
fectivity and the titer of the virus, multiple integration sites 
(up to 26) per cell can be obtained in ES-cells and, therefore, in 
transgenic mice (21). Although the instability of recombinant re~ 
troviral genomes in somatic and ES-cells (20) and also partial in- 
stability of M-MuLV in two provirus containing mouse strains (11) 
have been reported, no such evidence has been found so far within 
transgenic mice established by the use of replication deficient 
recombinant retroviral vectors. However, the comparatively small 
number of mice obtained so far by this method does not exclude the 
possibility of such events to occur. 
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Expression of Foreign Genes and its Regulation in Transgenic Mice 

Expression of foreign genes after pronuclear injection was 
first detected by E.F* Wagner et al. (3) in fetuses and (2) in 
living mice and their offspring by T.E. Wagner et al. (la). 
Although several transgenic fetuses or living young were analyzed 
by these authors, only a few showed detectable expression of the 
foreign gene. Lack of expression was then explained by gene 
integration into inappropriate genomic sites, a theory that was 
supported by Palmiter, Chen and Brinster (54) and Lacy et al. 
(51), who observed that varying expression of foreign genes in 
transgenic mouse lines was accompanied by different raethylation 
patterns (54) or abnormal chromosomal positions of these genes 
(51). Furthermore, it was pointed out that the amount of foreign 
mMA produced in expressing transgenic mouse lines was not 
correlated with the copy number of the integrated gene (52), an 
observation which also indicated a possible role of the 
integration site in expression of transgenes. Recently, variance 
in expression was also discussed as a relative instability of mRNA 
molecules transcribed from the foreign gene construct (53). 

Additionally, other factors have become known to be involved 
in • f ,ag*i-I at l^m - ^cfo;3m;S m£ : wl\letV - 4&te£Mns . fe^e , . sxp-rasa i on:-, *. of <- 

foreign genes. The expression rate was drastically reduced when 
foreign genes had been integrated together with plasmid vector de- 
rived sequences (5,37,40), suggesting an inhibitory effect of pro- 
karyotic sequences on foreign gene expression in transgenic mice. 

The work of Palmiter and colleagues (52,54,55) haj shown 
clearly that the expression of exogenous structural genes can be 
stimulated when these are fused to certain cis-acting factors, as 
exemplified by the mouse met allothionein (Mt-I) promoter. Rat or 
human growth hormone genes fused to this promoter were expressed 
ectopically in a variety of tissues under the regulation of the 
Mt-i promotor, which led to a striking increase in hormone produc- 
tion and growth rate of the transgenic mice. Moreover, Swanson et 
al. (56) have found in their experiments that expression of a 
Mt-I-rGH fusion gene in separate transgenic mouse lines was unaf- 
fected by the integration site, suggesting that certain gene con- 
structs, which include appropriate cis-acting factors, can over- 
ride other inhibitory environmental effects, thus decreasing the 
importance of the integration site to a certain extent. 

Since then, transgenic research has mainly focused on the de- 
velopment of fusion genes which contain the information necessary 
for tissue specific and deve lopmentally regulated expression pat- 
terns. Although eukaryotic gene regulation, especially in mammals, 
remains unclear in many respects, in particular when the involve- 
ment of cell specific trans-acting factors is considered, some 
cis-acting elements have been found to provide tissue specific ex- 
pression in transgenic mice when fused to structural genes. Some 
examples in which gene expression was development al ly regulated 
and strictly directed into promoter specific tissues are listed in 
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Table 1 

Promoter Specific Expression of Foreign Genes in Transgenic Mice 



Promoter 



Structural gene 



Reference 



elastase 1 
(rat) 

elastase I 
(rat) 

myosin-l-chain 
(rat) 

beta-globin 
(human) 

beta-globin 
(mouse ) 

-Instil x.n, ;T;T. ;: -j.^r ■ 

(rat) 

alpha-A-crys tallin 
(mouse) 

alpha-I-collagen 
(mouse ) 

insulin 
(human) 

skeletal muscle actin 
(rat) 

whey acidic protein 
(mouse ) 

delta-crystallin 
(chicken) 

alpha-I-ant i trypsin 
(human) 

pancreatic amylase 
(mouse ) 



elastase I 
(rat) 

growth hormone 
(human) 

myosin-L-chain 
(rat) 

beta-globin 
(human) 

beta-globin 
(human) 



CAT 

(prokaryotic) 
CAT 

(prokaryotic) 

insulin 
(human) 

eps i lon-globin 
(human) 

Ha-ras oncogene 
(human) 

delta-crystallin 
(chicken) 

alpha-I-anti trypsin 
(human) 

pancreatic amylase 
(mouse ) 



57 



58 



39 



59 



60 



61. 



62 



43 



63 
64 



53 



65 



66 



67 
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Table i. 

In some cases the inducibility of expression of foreign genes 
in transgenic mice was reported, as for Mt-I fusion genes by heavy 
metals (52,54,55), a mouse MHC-II-antigen .by interferon (68), the 
chicken transferrin gene by estrogens (69), the human insulin gene 
by glucose (64), the mouse pancreatic amylase gene by insulin (67) 
and whey acidic protein (WAP)-promoter fusion genes by lactogenic 
hormones (53), These results demonstrate that certain genes or 
gene constructs contain sufficient cis-acting information so that, 
after integration into the mouse genome, tissue specific and hor- 
monal controlled expression can be obtained. However, other inves- 
tigators (33,56,70,71) have shown that expression patterns of Mt-I 
promoter fusion genes in transgenic mice were not exclusively de- 
pendent on the promoter sequence itself, but that depending on the 
particular gene construct used, different expression patterns were 
"ound, suggesting internal cis-acting regions within the different 
fusion genes. 

Expression of foreign genes can be regulated In order to com- 
pensate, to some extent, for certain endogenous insufficiencies in 
transgenic mice (41,72-74). These results indicate the possible 
application of zene transfer for germUne gene therapy- in animals •.. 

when recombinant retroviral vectors are used, expression Is 
complicated by mechanisms which regulate the expression of the 
provirus. Jaenisch et al. (9) have found the expression of retro- 
viral genomes to be blocked when infection had occurred during 
pre-implantation mouse development, a phenomenon which also was 
observed in EC-cells (75). In some mouse substrains containing the 
M-MuLV provirus in their germline, activation of the viral genome 
can occur during embryogenes is , whereas in others it is not acti- 
vated at all or at different' times (11). The authors explained 
this finding by proviral Integration into different genomic sites 
in each substrain. Later the expression block in embryonic cells 
was found to be correlated with de-novo raethylation of the pro- 
virus after integration (75-77), but it has been doubted that this 
is the cause of the expression block hut rather its consequence 
(78). 

Linney et al. (79) and Gorman et al. (80) presented evidence 
that retroviral expression in EC-cells is impaired because of in- 
appropriate functioning of cis-acting sequences within the M-MuLV 
LTR. The existence of trans-acting factors in embryonal cells 
which interact with these sequences has been postulated (80,81). 
When foreign genes introduced Into recombinant retroviral vectors 
are transferred to mouse embryos or EC/ES-cells, the described 
expression block can be overcome when strong internal promoters 
are placed in the vector construct ( 10,20,25) or the LTR is 
partially deleted and replaced by other enhancers (14). 
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USE OF TRANSGENIC MICE IN BIOLOGICAL RESEARCH 

Transgenic mice offer the unique possibility to study the 
developmental control of expression of introduced gene copies. 
The transferred and monitored genes can either be naturally occur- 
ring sequences or recombinant gene constructs. Since expression 
studies jin vitro with eukaryotic cell lines are only of limited 
value in explaining the natural mechanisms involved in gene ex- 
pression, many questions can only be answered after gene transfer 
into intact developing organisms. For example, transgenic mice 
have been successfully used to approach different problems in 
oncology. The c-myc oncogene was shown to be carcinogenic in mice 
when fused to a viral promoter (82,83) or immunoglobulin enhancers 
(84,85). Quaife et al. (86) induced pancreatic neoplasia in trans- 
genic mice by fusion of the activated c-ras oncogene to regulatory 
elements of the rat elastase-I gene, whereas the c-myc gene was 
not capable of transform* -^g pancreatic cells under these condi- 
tions, demonstrating the tumorigenic ability of the activated 
cellular oncogene. Palmiter et al. (86a) found that a single 
viral protein, namely the T antigen of SV40, was able to transform 
choriod plexus epithelia into malignant tumor cells. Sinn et: al. 
(34) presented evidence for the synergistic tumorigenic action of 
■'the' -'two ouv-og^-fico v ? -Ha— ras arri &~isy^- whar. £• T^t^^i^-r^M-e- ;--4er£'#£4' • 
from different lines each containing one of these oncogenes fused 
to a MMTV-promoter were mated and their offspring analyzed. 

Since it was shown that subunits of immunoglobulin genes can 
be introduced into transgenic mice (87) and their subsequent ex- 
pression in B-cells was observed (88), several authors (42,89-95) 
have concentrated on transgenic mice, investigating the matura- 
tion of B-lymphocytes as a rearrangement process of immunoglobulin 
genes. Their observations lead to the confirmation and specifica- 
tion of the "allelic exclusion" theory (89). 

Genes coding for a variety of different cell surface antigents 
have been introduced into transgenic mice and their functional ex- 
pression reported (68,96-100), resulting in a latter understanding 
of the function of these antigens. Other investigators (101-103) 
have used transgenic mice to investigate the mechanisms of hepati- 
tis B virus surface antigen expression, uncovering interesting as- 
pects of the pathogenesis of hepatitis B. Small and collaborators 
(104,105) established transgenic mice containing early regions of 
human papova viruses which resembled the pathological findings in 
humans and thus provide suitable animal models for the study of 
these diseases. 

Work with transgenic mice containing different forms of beta 
globin genes (106,107) has revealed interesting information on the 
developmental regulation of beta globin synthesis. Recently, the 
use of transgenes as an autosomal DNA marker has served to eluci- 
date the meaning and the mechanism of parental imprinting in 
transgenic mice (108,109). 

Insertional mutagenesis during gene integration can also be 
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used to establish certain transgenic mouse lines which contain 
specified recessive mutations as shown for a mutation in the 
alpha-l(I) collagen locus (110). A dominant mutation in transgenic 
mice has been established by introduction of a mutated DHFR gene 
into the gerraline (46). Other DHFR deficient transgenic mouse 
lines were established with the use of retroviral insertions into 
the DHRF locus of EK-cells . ( 111 , 112). After random insertional 
mutagenesis these cells were selected in HAT medium and gave rise 
to transgenic animals via the chimeric route. Thus induced muta- 
genesis by insertion of exogenous DNA into certain gene loci of 
interest can be used to establish animal models for certain ge- 
netic diseases in man. 



ATTEMPTS TO PRODUCE TRANSGENIC LIVESTOCK 

Up to the present th 2 production of transgenic rabbit J (113- 
116), sheep (114,117), pigs (113,114) and chicken (118) has been 
reported. Attempts to produce transgenic goats (119) and cattle 
(120-122) have not so far been successful. 

The main purpose of these experiments was the introduction of 
growth hormone genes fused to the Mt-I promoter into the germ- 

mals (113-115,117,119,122). Viral TK genes or simian alpha- 
Interferon genes have been injected into cattle embryos, the lat- 
ter procedure aiming at the amplification of interferon produc- 
tion and therefore increased disease resistance in the animals 
(120,121). A fusion gene consisting of the rabbit uteroglobin pro- 
moter and the marker gene CAT was introduced into the rabbit ge- 
nome in order to study the uteroglobin-specif ic expression mecha- 
nisms in more detail (116). In all the mammalian species pronu- 
clear or nuclear (two-cell stage embryos) injection was per- 
formed. In chicken Infection of recombinant and helper virus was 
achieved by injection of virus into the yolk of fertile eggs. To 
facilitate pronuclear or nuclear injections in pigs and cattle ova 
had to be centrifuged prior to microinjection in order to remove 
the ocplasmic <*ranula which otherwise interfere with the micro- 
scopic visualization of the nucleus (114,120). Fluorescent stain- 
ing of pronuclei as an alternative (123) has not been found to 
give satisfying results (114). 

Birth rates after micromanipulation and transfer of rabbit ova 
to foster mothers are consistently 9.5% to 12% (113-116). Integra- 
tion rates varied in this species between 5.5% (113), 12.8% (114), 
24% (115) and 41% (116). The latter results were explained by gene 
injection during the DNA replication phase of the pronuclei; how- 
ever, these were associated with a high mutation frequency of the 
transferred gene so that at least 60% of the transgenic rabbits 
had integrated structurally altered genes as shown by Southern- 
blot hybridization. Although several transgenic breeding lines of 
rabbits containing Mt-hGH fusion genes have been established, none 
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of these is consistently expressing the foreign gene or showing 
increased growth rates (124). 

The production of one single transgenic lamb after manipula- 
tion of 1032 (114) and 436 (117) sheep ova, respectively, has been 
reported. One lamb had integrated a structurally altered gene 
(114) and neither one showed any expression of the foreign gene. 
Recently, the birth of 2 Mt-I-bGH transgenic and 9 Mt-I-hGHRF 
transgenic lambs has been reported (124). One of these expressed 
the bovine growth hormone gene and two expressed the gene for the 
human GH-releasing factor, but none of them showed increased 
growth. 

Transgenic pigs have been produced with the use of growth hor- 
mone genes fused to the Mt-I promoter (113,114). Birth rates 
varied between 5.5% (113) and 9% (114). Brem et al. (113) reported 
1 piglet out of 15 born to be transgenic, whereas Hammer et al. 
(114) obtained 20 transgenic piglets with an integration rate of 
10.4%. Six transgenic pig lines have been established containing 
Mt-I-hGH fusion genes of which only one is expressing the foreign 
gene (124). These pigs show detectable amounts of hGH (human 
growth hormone) in their serum but do not grow significantly larg- 
er than controls. However, the average backfat of these pigs is 
less as compared to controls at a body weight of 90 kg indicating 
some effect of the exogenous GH on body composition (124). 

injected with Mt-I-rGH (rat growth hormone) genes to 27 recipi- 
ents. Of these 20 returned to heat and two aborted their pregnan- 
cies; the remaining recipients gave birth to 9 young of which 5 
were stillborn. None of the remaining 4 kids which were analyzed 
proved to be transgenic. 

Gene transfer experiments on cattle ova were first described 
by Lohse et al. (120) who injected about 1000 copies of the plas- 
mid pMK containing the HSV-TK gene into pronuclei of centrifuged 
cattle oocytes. After in vitro culture for 24 hr about 30% of the 
manipulated embryos showed expression of the HSV-TK gene. 
Loskutoff et al. (121) injected HSV-TK or simian alpha-interf eron 
genes into pronuclei or nuclei of bovine one-or two-cell stage 
embryos. After transfer of 81 manipulated embryos to 24 recipients 
3 pregnancies were diagnosed. McEvoy et al. (122) cransf erred Mt- 
I-rGH genes or a modification of this gene carrying bovine papil- 
loma virus enhancers to bovine one or two-cell stage embryos. Sub- 
sequent transfer of 47 manipulated ova to 17 recipients resulted 
in at least 4 pregnancies. The birth of transgenic calves has not 
yet been reported. 

Transgenic chicken lines were obtained by retroviral infection 
of embryos (118). Out of 37 viremic males tested 9 were mosaic ac- 
cording to the integration of provirus into the germline. The fre- 
quencies of provirus transmission to their offspring varied be- 
tween 1% and 11%. Animals from the F-l generation transmitted the 
gene in a Mendelian fashion to the F-2 generation. These experi- 
ments aimed at the establishment of a suitable gene delivery sys- 
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tern into the germline of chicken and will be continued with 
recombinant retroviral vectors which include foreign functional 
genes (118). 



Factors Limiting the Production of Transgenic Livestock 

In summarizing the results mentioned above, it can be said 
that gene transfer into the germline of livestock is possible but 
the intended phenotypic improvement has not been obtained so far. 
However, results from transgenic mouse work suggest that this also 
will be possible as soon as more information on species-specific 
conditions can be acquired. Thus further experiments with live- 
stock appear to be necessary. Unfortunately, production of trans- 
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genie livestock is facing two major obstacles: first, very high 
costs for farm animal husbandry combined with long generation 
intervals restrict research in this field and second, a relatively 
small amount of scientific knowledge of farm animals is available 
as compared to the mouse as the major laboratory animal. How can 
these obstacles be overcome? 

Successful gene transfer to the germline of farm animals 
requires the collaboration of three major branches of science. 
These branches are animal physiology, molecular biology and 
embryology. The latter provides the techniques for introducing 
foreign genes into the germline of the animals and therefore 
influences the efficiency rates of gene transfer. Molecular 
biology contributes the genes and monitors the molecular effects 
on the genome. An underestimated aspect in this field of research 
is the necessary participation of animal physiology which provides 
insight into the regulative mechanisms and phenotypic effects of 
functional proteins in different species. In order to analyze the 
current limitations of gene transfer to livestock the different 
steps of these experiments have to be considered (see Figure 4). 
Efficiency can be determined at different levels, each referring 
to the competence of the different scientific branches named 

above. First, the overall efficiency of the production of 

transgenic * animaTs v (frlnsgenic animals /uiaiil pa la ^^-c oocyte ) , 
second the expression efficiency and third, the efficiency of 
phenotypic improvement can be analyzed. 

Considering the costs of livestock husbandry, it is obvious 
that the efficiencies should be as high as possible. From the data 
shown above it can be concluded that the maximal overall 
efficiency in producing transgenic animals is approximately 4% in 
mice (33,71), 3% in rabbits, (116) 1% in pigs (114) and 0.2% in 
sheep (117). In order to produce transgenic farm animals for 
research purposes this efficiency has to be increased drastically 
considering the expenses involved but until now hardly any 
attention has been paid to transgenic production efficiencies and 
little is known about the limiting factors. Overall efficiency is 
influenced by two components, the ratio of manipulated oocyte 
development to live young and the integration frequency of the 
foreign gene. Survival rates have been determined at different 
stages of in vitro or in utero development and after birth. ln_ 
vitro cultivation results show that about 10% (la) to 50% (2) of 
the manipulated mouse oocytes are lost at the one-cell stage. As 
these losses are directly due to mechanical alterations of oocyte 
structures, the varying results indicate the importance of tech- 
nical skill required in these experiments. However, species- 
specific differences in mechanical susceptibility of oocytes 
exist; mouse oocytes, for example, are much more fragile than 
rabbit oocytes (unpublished observations). When pronuclear injec- 
tions are performed in rabbit oocytes about 5% to 10% undergo 
lysis within a period of one hr and 83% cleave to two-cell stages 
(controls 100%) within 24 hr of in_ vitro cultivation (116). In 
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vitro cultivation experiments over a period of 4 days subsequent 
to gene transfer to mouse ova resulted in a decrease of develop- 
ment to the morula stage of at least 20% (5). In these experiments 
different DNA concentrations were used. It was shown that the in- 
jection of buffer alone did not increase the survival as compared 
to the injection of 5, 53 or 520 gene copies. But when 5,300 gene 
copies were injected a further reduction of the development of 35% 
was noticed. Strojek (116) reported that two-cell stage rabbit 
embryos derived from ova injected with 2000 to 4000 gene copies 
showed a significant reduction in the in vitro development to 
blastocysts (75%) as compared to controls (89%). Rexroad and Wall 
(125) investigated several factors which can interfere with the 
developmental potential of injected sheep ova. They found that 
after transfer to sheep oviducts, in vivo development of non- 
injected ova to 32-cell stages was impaired by _in vitro cultiva- 
tion for four hours alone (65% as opposed to 89% in immediately 
transferred ova). Additional microscopic Inspection for 30 rain 
did not lead to further impairment of the survival, but injection 
of Tris/HCl buffer was detrimental (42% survival). After injec- 
tion of gene suspension only 19% of the ova developed to 32-cell 
stages i£ vivo . These consistent results indicate that the gene 
suspension buffer as well as the foreign genes themselves can 
exhibit toxic effects on the developing embryos. Furthermore, 

UXiLu Ldlcj (yvu.ig JuLu/eggo L i. a.ib ft* L l€&) Of "iV% CXJ 30%^ dtfe 

usually found in a large number of experiments when transgenic 
mice are produced. In contrast, birth rates of 50% to 60% can be 
obtained after transfer of unmanipulated mouse oocytes (unpublish- 
ed observations). Thus it can be concluded that not only technical 
insufficiencies are responsible for these low results after gene 
injection but that they rather reflect a further reduction in the 
developmental potential of the manipulated oocytes. This assump- 
tion Is supported by the observation that after gene injection 
into rabbit oocytes, implantation was low (30% of non-injected) 
and post-implantational resorption rates exceptionally high (50%) 
in two independent sets of experiments (116). Additionally, via- 
bility of the animals born appears to be reduced in mice (90,97), 
rabbits (115,116,124) and pigs (124,126). These independent obser- 
vations consistently suggest deleterious effects of pronuclear 
gene injection on the viability of embryos which lead to impaired 
pre- and pos t-iraplantational as well as post-natal development 
rates. These effects probably cannot be explained by mechanical 
alterations alone. 

Low integration frequencies also limit the efficiency of 
gene transfer to livestock by pronuclear injection. In mice the 
integration frequency was Increased to 37% if higher DNA concen- 
trations were used (5). But this was associated with lower viabil- 
ity of the manipulated embryos, so that the overall efficiency was 
limited to approximately 6% (d-13 fetuses analyzed). It is still 
unknown whether integration frequency of foreign genes initially 
is higher in pre-implant ation embryos and is reduced subsequent to 
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integration by con t ra-select ion ; however, at maximum 242 of the 
rabbits born (115) and 10.4% of the born piglets (114) have 
integrated foreign gene copies, Strojek (116) has attempted to 
increase this rate by restricting the time of gene injection to 
the pronuclear DNA replication phase, referring to results of 
Giulotto and Israel (32) who had worked with synchronized somatic 
cells. As a result gene integration was found to be highly in- 
creased (integration rate 41%), but this was accompanied by a high 
frequency of mutation of the integrated foreign gene. These find- 
ings were considered to be related to species-specific activities 
of pronuclear enzymes, as rabbits show much faster pronuclear de- 
velopment than mice, for example, in which similar observations 
have been reported only rarely (see section Genomic Integration of 
Foreign DNA in Transgenic Mice). 

It can be assumed that genetic and species-specific condi- 
tions can cause different limitations of gene integration effi- 
ciency, an assumption that is supported by the fact that in sheep 
integration frequency is comparatively low (114,117) and also by 
the observation that integration frequency varies considerably be- 
tween different mouse strains (5) and somatic cell lines of dif- 
ferent,-, .species- ( 127 ) Th.er_e.fore-> ... .the, ■ma.^-r limitations of gene 
transfer efficiency into the germline of animals appear to arise 
from deleterious effects of the injected gene suspension on the 
viability of the manipulated embryos and from low integration fre- 
quencies. As both phenomena are as yet poorly understood, consid- 
erable improvement in the efficiency of this gene transfer method 
appears to be rather unlikely in the near future. It would, there- 
fore, be of great advantage if genetically pre-selected totipotent 
cells could be used to produce germline cnimeras which contain the 
desired genetic make-up in their germ cells, including intact and 
stably integrated foreign gene copies. This procedure has been 
shown to be highly efficient in mice (21) and experiments are 
under way in our laboratory to establish this technique in pigs 
and cattle. 

As far as expression of the integrated foreign genes is con- . 
cerned, it has been shown in mice that a high degree of appro- 
priate expression can be achieved when certain cis-acting elements 
are contained in the foreign gene construct, so that approximately 
90% to 100% of the Mt-I-GH transgenic mice express the foreign 
gene (52 ,55). In pigs this expression frequency is 50% and in rab- 
bits 25% although the same Mt-I-hGH fusion genes have been trans- 
ferred (114). It should be emphasized that results taken from one 
species such as the mouse can be considered to apply to other 
species only to a limited extent. This appears also to be true for 
results from molecular biology, as cis-acting elements obviously 
are controlled differently by varying trans-acting factors in ge- 
nomes of different species. Therefore, transgenic mouse work alone 
is only of limited value when problems arising in the production 
of transgenic livestock are to be solved, particularly when there 
is a necessity of finding cis-acting factors which are suitable 
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for appropriate gene expression in a given species. 

The production of foreign growth hormone (GH) in transgenic 
rabbits and pigs has not shown any phenotypic effects in terms of 
increased growth rates thus far (124). The reasons for this are 
not understood. Thus, further studies on the developmental regu- 
lation and functional effect of endogenous as well as foreign gene 
products in livestock species are required. It might well be that 
the inefficiency of foreign GH produced continuously in Mt-I-GH 
transgenic pigs Is due to refractoriness of corresponding hormone 
receptors on the target cells caused by the unphysiological early 
onset of GH expression during embryonic development. Experiments 
with different promoters which lead to regulated expression only 
after birth are under way in our laboratory and will enable us to 
answer this question. 



Future Impact on Livestock Production 

The many advantages of transgenic livestock production have 
been discussed extensively elsewhere (128,129). These include im- 
provement of productivity as well as the transfer of disease re- 
; sift-a-K& ,f •arii-raa-ka.. . M:.^^" 0 ^ 9^ S-ell ,, surface-- antigens, 
which has been possible in transgenic mice (96,97), for example, 
can possibly cause resistance of transgenic animals towards cer- 
tain species-specific viruses. Herpes virus infections, causing 
diseases such as infectious bovine rhinot rachei t is or pseudorabies 
in pigs are especially challenging as immunization against these 
viruses is highly Ineffective under field conditions. Also, over- 
all disease resistance could be increased if stimulation of un- 
specific resistance factors such as interferon, for example, 
could be achieved via gene transfer. 

Current work is mainly concentrating on farm animals 
which have integrated foreign GH fusion genes to increase their 
growth rate and therefore their productivity. In cattle this gene 
could also be used to increase milk production when fused to 
lactation-specific promotors. In this content attention should be 
paid to the fact that highly productive farm animals which nave 
been bred during the last centuries with mainly phenotypical se- 
lection methods are biochemically extremely balanced organisms and 
require more than one gene for high productivity, especially when 
parameters as fertility and longevity are also desired, as for in- 
stance, in dairy cattle. Generally, a negative correlation between 
high productivity parameters and overall health of farm animals 
has been observed, but there are individual exceptions. 

It should be emphasized that further progress in research of 
the molecular genetics of farm animals will provide the informa- 
tion necessary not only to introduce new genes into the genome 
but also to contra-select for certain genes which interfere with 
healthy performance. This could even be done _in vi t ro if toti- 
potent cell lines of livestock were available, thus transferring 
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directed mutation and subsequent selection mainly to _Ln vi t ro sys- 
tems in order to establish phenotypically healthy and highly pro- 
ductive livestock breeds. 

Since the work in mice has shown that far more is possible 
today in respect to genotype alteration than had been assumed five 
years ago, there is a high probability that the production of ge- 
netically improved livestock by gene transfer and _in vitro selec- 
tion will also be feasible. However, a large amount of scientific 
research needs to be done in livestock species requiring the coop- 
eration of embryologists, molecular biologists and animal physiol- 
ogists before this can be achieved. 
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